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ERRATA 


In T.P. 8101, “Gravity Drainage of Oil Into Large 
Horizontal Fractures”, brackets were omitted from Eq. 
15 appearing on page 13. The equation should read as 
follows. 
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FOREWORD 


O™ OF THE most significant decisions in the history of the Society took place 

in 1960 when the Board of Directors approved the origination of a new quar- 
terly publication to be entitled Society or PErRoLEUM ENGINEERS JouRNAL, The 
first SPE Journat will be published in March, 1961, containing the types of papers 
that have been published as separates and summarized in JourNAL or PETROLEUM 
TECHNOLOGY in recent years. 


This new publication will be sent free-of-charge to members who request it dur- 
ing 1961. We expect it to constantly gain stature and attract outstanding technical 
papers which belong in the literature of the petroleum engineer engaged in research 
activities. 


The starting of this new publication is a natural evolution of the growth of SPE 
and the diversification of interest among our members. Over its 90-year history, our 
_ parent AIME has gone through this expansion of publications three times. 


In spite of the general depressed condition of the petroleum industry, the Society 
had a good year in 1960—highlighted by membership growth and a strong publica- 
tions program. Some 970 editorial pages were published during the year, in JOURNAL 
OF PETROLEUM TECHNOLOGY and through separate papers which appear in this 
Transactions volume. The addition of 1,201 new members~during the year reflects 
the outstanding work of the Membership Committee under adverse conditions. 


Some one-half million dollars was handled in our operations budget, with income ~ 
and expenses virtually balancing out for the year. An additional $27,841 was added 
to our Activities Fund which the Society has set aside for financial security. 


New sections were started during the year in The Netherlands and in the Coastal 
Bend area of Texas. This brings our total number of sections predominantly petro- 
leum in membership to 45—plus five subsections. ; 


The merger of the statistical volumes published by the Society and the Inter- 
national Oil Scouts Association was effectively carried out in 1960, This resulted 
in the publication of the most complete statistical information ever compiled on 
exploration and production in the petroleum industry, The new volume, entitled 
INTERNATIONAL Or, AND Gas DEVELOPMENT FOR 1959, contained 1,804 pages and 
was issued in two parts, “Part [—Exploration” and “Part II—Production”. In addi- 
tion to achieving more valuable statistical volumes, the merger lessened the work 
of our members in gathering this material. 


The Society of Petroleum Engineers is striving to meet the challenge confronting 
the petroleum industry and the petroleum engineer today. Petroleum engineers are 
being called upon to do more jobs and, equally important, are continually required 
to have more know-how and professional competence. To avoid “technological obso- 
lescence” the engineer must keep up with the advances and new findings in the 
profession and must maintain professional contacts. Through our publications, our 
meetings, and all of our activities, the Society is attempting to help the petroleum 


engineer during this difficult period. 


WAYNE E. GLENN, President 
Society of Petroleum Engineers of AIME, 1960 
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The primary function of the Transactions Editorial Committee is to receive the papers tendered 
for publication by the Society of Petroleum Engineers, and to select from them those papers that shall 
be published in the TRANSACTIONS Section of JoURNAL OF PETROLEUM TECHNOLOGY or in the TRANS- 
ACTIONS volume only. This selection shall be based on the merit of such papers in the light of exist- 

ing standards. 


THE TECHNICAL PAPER 


The Technical Paper is considered the basic form of contribution to the published professional 
literature of the Society. Manuscripts which are designated as Technical Papers should present com- 
pleted original work embodying the results of extensive field, plant, laboratory, or theoretical investi- 
gations of a fundamental engineering nature, or new interpretive concepts on old but important tech- 
nical problems. A Technical Paper should be presented in the most concise manner possible. Specific 
justification should be furnished to the Editor by the authors in cases of manuscripts which exceed 
7,000 words minus 250 words per illustration. 


THE TECHNICAL NOTE 


The Technical Note also constitutes a contribution to the permanent technical literature. It is 
intended primarily as a brief, timely recording of engineering application, or of observed discrepancy 
from established technical theory, and generally consists of one of the following: 


1. Results of short investigations of limited scope which do not warrant classification as a Tech- 
nical Paper. (Investigations of wide scope and interest, even though short, constitute material 


for Technical Papers.) 


Results or conclusions arising in the course of an investigation which the author wishes to 
present prior to completion of the investigation. 


Technical Notes which are designated as such when submitted by the authors will be considered 
promptly by the Transactions Editorial Committee and, if approved, will be published promptly. Such 
submittals generally constitute the fastest way of getting material into print in the Society’s publica- 
tions. The Transactions Editorial Committee may request that material be condensed from a longer 
manuscript and submitted for consideration as a Technical Note. The length of Technical Notes will 
vary rather widely, but only in the most unusual case will a Note exceed 3,000 words minus 250 words 


per illustration. 
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RALPH J. SCHILTHUIS 
John Franklin Carll Award, 1960 


“In recognition of his important contributions to 
the technology of petroleum engineering and for 
his example in applying engineering principles to 


the problems of industrial management.” 


THE JOHN FRANKLIN CARLL AWARD 


Established in 1956 and first presented in 1957, 
the John Franklin Carll Award is awarded “to rec- 
ognize distinguished achievement ‘in or contribu- 
tions to petroleum engineering’. The medal com- 
memorates John Franklin Carll (1828-1904) whose 
ideas and writings first expressed principles of 
petroleum engineering which are now considered 
commonplace. Herbert C. Otis, Sr. was the first 
recipient of the award in 1957; Gen. E. O. Thomp- 
son in 1958; and Eugene A. Stephenson, 1959. 
Members of the 1960 John Franklin Carll Award 
Committee are T. V. Moore, Chairman; T. A. At- 
kinson, H. F. Beardmore, B. C. Craft, Lincoln F. 
Elkins and Jack H. Beesley. 
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A. -C. RUBEE 
Lucas Medalist, 1960 


“For his pioneering foresight in the application of 
engineering principles to petroleum development 
and production practices and for his fostering the 
development of many production techniques valu- 
able to the petroleum industry, For his inspira- 


itonal training and development of engineers not 


only to managerial, but also to social and political 


responsibilities.” 


THE ANTHONY F. LUCAS FUND AND MEDAL 


- In 1936 the Institute established the Anthony F. Lucas Gold Medal, to be awarded from time to 

tume “for distinguished achievement in improving the technique and practice of finding and pro- 
ducing petroleum”. These awards are sponsored by the Society of Petroleum Engineers of AIME. Mem- 
bers of the Committee of Award of the Lucas Medal are: T. C. Frick, Chairman; John C. Calhoun, 
Jr., Lloyd E. Elkins, Earl M. Kipp, Charles H. Pishny, Everett G. Trostel, L. B. Meaders, Gail F. 
Moulton, E. N. Van Duzee, E. C. Babson, George R. Gray and Glenn M. Stearns. Members Ex Offciis 
are: Marling J. Ankeny, USBM director; Frank Porter, API president; Joseph L. Gillson, AIME 
president; and Ben H. Parker, AAPG president. 


MEDALS AWARDED 


J. Epc¢ar Pew, 1937 WaLLacE EVERETTE Pratt, 1948 
Henry L. Donerty, 1938 WRATHER, 1950 
E. DEGoLYER, 1940 Morris Muskat, 1953 
Conrap (PosTHUMOUSLY) AND MarcEL SCHLUMBERGER, 1941] Bruce H. Sacer, 1954 
Joun Ropert Suman, 1943 Stuart E. Buck ey, 1956 
CHARLES VAN ORMER MILLIKAN, 1944: Joun Epwarp Brantiy, 1957 
James Ocier Lewis, 1946 E. ReistLe, Jr., 1958 


Lacey, 1947 Joun T. Haywarp, 1959 
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CHARLES B. AMMANN 


THE CEDRIC K. FERGUSON MEDAL 


Charles B. Ammann is the recipient of the 1960 Cedric K. Ferguson Medal. He 
was selected to receive this award for his paper, “Case Histories of Analyses of Charac- 
teristics of Reservoir Rock from Drill-Stem Tests”, presented at the 1959 SPE Fall 
Meeting and published in the May, 1960 issue of JOURNAL OF PETROLEUM TECH- 
NOLOGY. This was the sixth presentation of the Ferguson Medal, first awarded post- 
humously to Cedric K. Ferguson in 1954. Co-recipients in 1956 were the late John L. 
Martin and William M. Campbell. W. O. Brown received the medal in 1957. Jim 
Douglas, Jr., Philip M. Blair and R, J. Wagner were joint recipients in 1958, and 
Henry J. Ramey, Jr. received the medal in 1959. 


The purpose of the medal is to recognize the writing of an outstanding technical 
paper by a young member or members (under 33 years of age) of the profession. 


The medal is presented annually unless waived for lack of a worthy candidate. 
Members of the 1960 Cedric K. Ferguson Medal Committee are: M. R. J. Wyllie, 
Chairman, Charles F. Weinaug and William Hurst. 
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SOCIETY OF PETROLEUM ENGINEERS CERTIFICATE OF SERVICE 


_ Established in 1948, the Society of Petroleum Engineers Certificate of Service is awarded to rec- 
ognize and show appreciation for exceptional services by members of the Society. The 1960 Certificate 


Service Award Committee is composed of Paul Andrews, Chairman, Claude R. Hocott and Fred L. 
iver. 


ALFRED H. BELL: “Jn recognition and gratitude 
for his outstanding contributions to AIME’s annual 
volume entitled Statistics of Oil and Gas Development 
and Production, in compiling an annual statistical re- 
port on the State of Illinois for over 30 years and for 
his 19 years of service on the Production Review Com- 
mittee.” 


ACH BELL 


LAWRENCE W. CHASTEEN: “Jn recognition and 
appreciation for his devoted work for many years on 
AIME’s annual volume entitled Statistics of Oil and 
Gas Development and Production, and especially for 
his labor spanning more than a decade in authoring 
and later supervising the voluminous statistical reports 
covering the Pacific Coast Area.” 


L. W. CHASTEEN 


JAMES TERRY DUCE: “Jn recognition and grati- 
tude for his 18 years of leadership in the formulation 
and carrying forward of a special foreign Statistics 
section in AIME’s annual volume entitled Statistics of 
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Production Behavior of a Water-Blocked Oil Well 


K. H. RIBE 
JUNIOR MEMBER AIME 


Water often enters an oil reservoir during completion 
or workover operations on a well and forms a partial 
“water block” to oil production. 


A mathematical study of radial two-phase flow, neg- 
lecting capillary effects, has been employed to study the 
formation of such a water block and subsequent re- 
moval by production from the well. The effects of re- 
duced oil permeability about the well on the well pro- 
ductivity were studied. The fluid saturation distributions 
about the well during formation and removal of the 
water block have also been computed. Several relative 
permeability relations and viscosity ratios were em- 
ployed. 

If water has invaded the formation, its influence 
through relative permeability effects alone can cause 
the following. 

1. Oil productivity will be depressed for extended per- 
iods after production is resumed and will build up only 
gradually as the water is removed. 

2. Oil injected for treatment of water blocking will 
delay rather than promote restoration of full well pro- 
ductivity by enlarging the region invaded by water. 
Thus, unless the specific action of chemicals contained 
in the oil is needed, oil injection appears undesirable. 
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During oilwell workover operations, water may en- 
ter the oil-bearing formation from the wellbore, When 
production is resumed, oil must flow through the re- 
gion invaded by this water. The presence of this region 
can cause both well productivity and oil production rate 
to be low and oil to be produced with high water-oil 
_ratio for some time after production is initiated. This 
situation is sometimes described as a water block. 


The introduction of water into the formation may 
result in other actions which also lead to reduction in 
well productivity and which are also usually included 
in the connotation of the broad term, water block. 


Original manuscript received in Society of Petroleum Engineers 
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Discussion of this and all following technical papers is invited. 
Discussion in writing (three copies) may be sent to the office of 
the Journal of Petroleum Technology. Any discussion offered after 
Dec. 31, 1960, should be in the form of a new paper. 
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Often considered, for example, are the possibilities of 
clay swelling by contact with fresh water and the for- 
mation of emulsions with the formation oil. If it is sus- 
pected that such specific actions have taken place, 
remedial treatments are undertaken which usually in- 
volve the injection of chemicals in oil. Since the intro- 
duction of water, even in the absence of specific inter- 
actions with the formation or oil, will cause a tempo- 
rary water block (which might be misinterpreted as 
evidence of a more severe situation), it is of importance 
to evaluate the magnitude and duration of this block- 
ing which results purely from the reduction in relative 
permeability to oil in the vicinity of the wellbore. It is 
also of interest to evaluate the effect of oil injection on 
the productivity of a well blocked by water in this man- 
ner. Inasmuch as this unfavorable condition may per- 
sist for some time, it may lead to premature condemna- 
tion of a workover or premature abandonment of a 
potentially productive pay zone. 


A quantitative evaluation of the influence of water 
entry on the oil productivity through changes in rel- 
ative permeability was made by solving a radial form 
of the Buckley-Leverett equation. The distribution of 
water saturation around the wellbore during the entry 
of water was calculated and was followed by a similar 
calculation of the saturation distribution during the per- 
iod of resuming production. At any stage in the re- 
moval of the invading water, knowledge of the distribu- 
tion of its saturation permitted calculating the attend- 
ant loss in oil productivity. 

The influence of the shape of the relative permeabil- 
ity relationships was also evaluated by carrying out the 
calculations for two hypothetical cases. Further, the ef- 
fect of the oil-water viscosity ratio was examined by 
repeating the calculations, for several ratios of unity 
and greater, with the same relative permeabilities. Fi- 
nally, results are presented to show how the length of 
time a well must be swabbed to resume production de- 
pends on the length of time it has been subjected to 
invasion by water. 
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DIFFERENTIAL EQUATIONS 


Water is assumed to enter a producing formation 
which is initially at the connate-water saturation and 
contains no gas. The water and oil are treated as in- 


1 


compressible, and the formation is considered suffi- 
ciently thin for slumping of the water-oil front due to 
gravity to be neglected. The flow is assumed to be ra- 
dial and, therefore, one-dimensional. The effects of 
capillarity will be neglected, It is assumed that there is 
no interaction between the formation material and the 
invading water. All the flow, whether into or out of the 
well, is considered to be that caused by a pressure dif- 
ferential acting on the sand between the face of the 
borehole, r,., and a radius or drainage, r., which is 
sufficiently far removed from the well that no saturation 
changes occur there from water entering the well. Under 
these conditions, the Buckley-Leverett equation’ can be 
developed in radial coordinates. 
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where S is the water saturation, ¢ the porosity, and f 
(which is a function of S only) the water fraction of the 
flowing stream. Flow occurs at a total rate, g, which is 
independent of radius r, and is taken to be positive when 
flow is away from the well. Thickness, h, is constant. 
Since the solution of Eq. 1 must be of the form F(S,r,t) 
= 0, it follows that 
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Thus, if if: 


or or” 


which is the radial form of the equation. In Eq. 3, g 
need not be independent of time. In fact for the work 
here, the condition to be imposed is that p,., — p., de- 
fined as Ap, be constant; g can be related to Ap as fol- 
lows. 


t bw bo I 


(4) 


where k,,, and k,, are the relative permeabilities to water 
and oil, w,, and yw the water and oil viscosities, respec- 
tively, and 
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DIFFERENCE EQUATIONS 


Eq. 3 can be integrated directly for constant q by 
any of the techniques suggested in the literature.”* This 


process consists, in essence, of interpreting (=) as a 


measure of the “velocity” at which a saturation S$ 
moves outward from the face of the wellbore. With a 
given initial saturation distribution S(r,0), the assump- 
tion will be made that, if water invasion is occurring, 
all saturations higher than that existing at the wellbore 
initially are free to move from the wellbore, Then at 
time ¢, S(r,t) is obtained by translating each satura- 


qf(s)t 
ing water invasion, displacement is characterized by a 
frontal movement, and the cut-off saturation at this 


tion S(r,0) to a position r,(t) = \ 


4References given at end of paper. 


front S» has been shown’ to be the saturation satisfying 
the relationship 


where S,, is the connate-water saturation. 


For the process where Ap (rather than q) is con- 
stant, the calculation of the volumetric flow rate at any 
time must be determined from a succession of constant 
rate calculations. In carrying this out, a value of q is 
obtained from the right-hand side of Eq. 4 which is 
approximated by a numerical quadrature for / using 
the given Ap. This q is considered constant for an in- 
terval of time, and a new saturation distribution is 
computed corresponding to the end of this interval. 
Stepwise application of this procedure yields both 
S(r,t) and q(t) for given values of Ap, the total and 
relative permeabilities, fluid viscosities and drainage and 
wellbore radii. 


FORMATION OF STEPWISE PROCEDURE 


WATER INJECTION CASE 

The procedure to be applied considers the S-axis, 

which extends from S, to S,, to be divided into N 

equal intervals, AS. The saturation S, is that corres- 

ponding to residual oil. The designations S;,, will be 

used to denote the value of S, S; = iAS + S,, at time 
tn, Where 


n 
t,= > At,. At time zero, the radius correspond- 
m=1 
ing to all S; (i.e., the set r;) are taken to be the well- 
bore radius, r,,,. A starting g, which will be assumed to 
apply during time interval t, and designated by q,, is 


——— ln 
roo 


calculated from Eq. 4, where J becomes J = 


, and the k,,, is that corresponding to the connate- 


wo 


water saturation. As the time step, Ar, is taken, the 
radial movement of each saturation is calculated for 


(6) 


where fj... is the radius to which the saturation cor- 
responding to S; has been translated at time f,,.. Eq. 6 
is an analog of Eq. 3. 


The frontal movement and saturation S, will be 
found by employing a numerical analog of Eq. 5. This 
may be written for n = 1 as 

f 
where j, is the member of the set of i’s which mini- 
mizes the magnitude of the error, | «, |, due to definition 
of the frontal value of S;, = S;, in terms of discrete 
values, S;. By application of Eqs. 6 and 7 for n = 1, 
with qg, determined from Eq, 4, a new set of r, will 
have been found. Also, frontal saturations S,, = S,, will 
have been found which determine the cut-off radius 
For r > ,r;,, the formation is undisturbed and the 
saturation is S,. 


It now becomes necessary to obtain a new approxi- 
mation, q:, for g. This must be determined from an 
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analog of Eq. 4. The integral 7 can be approximated 


The value q,,, is given by Eq. 4 as 
2akhAp 
(9) 


The value of gq. determined from Eq. 9 can now be re- 
placed in Eq. 6 to calculate a new set of r’s. Then Eq. 
7 can be used again to determine the new cut-off values. 
The sequential application of Eqs. 6, 7 and 9 will yield 
a complete description of the changes occurring during 
invasion. 


After the invasion period is complete, say at t,, re- 


verse flow will occur. At n = k, a distribution r;, and et 


a cut-off S;, and r;, will be known. When reverse flow 
occurs because Ap changes sign, the sign on g;,, from 
Eq. 9 will reverse, and the r, will begin to recede to- 
ward the well. The relationships of Eq. 6 should con- 
tinue to describe the translation of the saturations. How- 
ever, the frontal movement calculation of Eq. 7 must 
be modified. 


It will be helpful at this point to consider in Fig, 1 
a schematic representation of the problem. This plot 
’ of S vs r’ shows that the invasion process at time 
results in a saturation distribution corresponding to the 
top curve. This distribution is terminated by the front, 
where the value of S changes abruptly to S.( = S,). 
Application of Eq. 6 to proceed to time ¢,,, results in 
a set of 7:4, the envelope of which is shown as the 
lower-curve in the figure. Clearly over part of the re- 
gion, three saturations are defined for a single value 
of r. This is the cause of the frontal development as- 
sociated with this problem. The frontal position and 
values may be found by a relationship derived by gen- 
eralizing the analysis which led to Eq. 5. For the front 
at the position shown at time ¢,,,, for an r in the triple- 
valued region (say r,) the relationship must hold that 
for the extreme values of S, given by S, and S%, 


fr 
where f* =f (S*). The analog of Eq. 10 correspond- 
ing to Eq. 7 is 


(10) 


fi 
10a 
Sie En ( ) 
where j* is defincd to be that value of i for which the 
i 
AS 
Sli = 0) - 
T 
AP k+l re 
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magnitude, |r; — r,;*|, is a minimum, and j, is the mem- 


ber of the set, i, for which |e,| is minimum. The solu- 
tion 7;,,,, then becomes that given by Eq. 6 for i = 0, 


jess, and finally that again given by Eq. 6 for i = jr 
The calculation of q,,, from the distribution at ¢, for 
n > k must be altered slightly by changing the numer- 
ical approximation for /,,,. This is done by replacing j, 
in Eq. 8 for n > k, as follows. 
Vistn Po 


Ve 


Mokrog Tig 
For the interval j* to j,, the contribution of the sum 
is Zero. 

The repeated application of Eqs. 6, 10a and 9, using 
Eq. 11 to calculate /,,, in Eq. 9, will permit predicting 
a complete history of the water invasion. This is the 
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technique that will be applied in the examples to fol- 
low. 


OIL INJECTION CASE 


lf, after a quantity of water has entered up to time 
t», oil is injected until time ¢,, the calculations must be 
modified once more. At r,», for t > t., S is placed back 
at S,,-and Eq. 6 may once more be applied to move the 
saturations. Here two frontal movements are possible. 
The water invasion continues as before, but an oil in- 
vasion occurs behind. To treat these two fronts, an- 
alogs of Eq. 10 must be written for each and the pos- 
sibility of frontal overlap provided for, The equations 
for this will be omitted because they are a logical ex- 
tension of the basic procedure. 


Cases STUDIED 


To examine the influence of relative permeability, 
calculations were made for two hypothetical relative 
permeability functions. These are shown in Figs. 2 and 
3 as “Case A” and “Case B”, respectively. To study 
the influence of viscosity ratio, calculations were made 
with Case A relative permeability for several viscosity 
ratios, ./, of unity and greater. 

To carry out the calculations, it was assumed that at 
the time water entry began, a pressure differential, Ap, 
existed between r,,,(0.25 ft) and r,(660 ft) and that 
Ap remained constant for a time ¢,. This would approx- 
imate the conditions that would be obtained from kill- 
ing the well with water. At time f¢,, the sign of Ap was 
considered to be reversed. Flow back into the well was 
therefore assumed to occur under the same magnitude 
of Ap as had caused water entry. This approximates 
swabbing or pumping down the water level in the well 
to a specified point. The assumption of constant Ap is 
ot no consequence if the results are considered on the 
basis of total flow. 

It was chosen for most of the cases considered to 
ailow water to enter the formation until the front had 
progressed approximately 80 wellbore radii, i.e., 20 ft. 
For a sand whose porosity is 0.25 and for which the 
average saturation change behind the water front is 0.5, 
this corresponds to about 6 bbl of water per ft of pay 
zone. For the case in which no oil was to be injected, 
the subsequent production performance of the well was 
computed directly from this starting condition. For the 
case in which oil was injected, a: volume of oil three 
times the volume of the water entering was considered 
to be injected before the production performance of the 
well was calculated. Finally, to evaluate the effect of 
the volume of injected fluid, additional calculations 
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with several viscosity ratios were made using Case A 
relative permeability, in which the total volume of in- 
jected fluid was varied. 


RESULTS AND INTERPRETATION 


SATURATION DISTRIBUTION AND PRODUCTIVITY 

The procedure described earlier was used in all cases 
in the foregoing section to calculate saturation profiles 
such as those shown in Fig. 4. These are the profiles 
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at several stages of backflow resulting from injecting 
water and resuming production, assuming the Case A 
relative permeability and a viscosity ratio of unity. 
Shown in the figure are the saturation distributions just 
before production is resumed, at the time oil breaks 
into the well and, finally, at a later stage of water re- 
moval. The water removal is expressed as fractions of 
Q,,», the total volume of water that entered. 


; The lowering of the productivity for this same case 
is shown in Fig. 5. This lowering is expressed as the 
ratio of the flow rate calculated during the production 
to that which would have been obtained from the same 
pressure drop with only connate water present. This 
rate, expressed in per cent, is plotted here vs the ratio 
of the cumulative volume of fluids removed to that of 
the water which entered, Similar plots in Figs. 6 and 


7 show this productivity ratio for the Case B relative 


permeability (also at a viscosity ratio of unity) and 
the Case A relative permeability, but with a viscosity 
-tatio of 10. The important features from Figs. 5, 6 
and 7 are as follows. 


1. A significant volume of the water must be re- 
moved before any oil production can take place. 


2. At unit viscosity ratio, the shape of the relative 
permeability functions do not significantly affect the re- 
sults. 


3. A volume of fluid equivalent to many times the 
volume of water entering the well must be produced 
before it approaches its maximum productivity. 


4. A high viscosity ratio leads to regaining nearly all 
the productivity after much less total production than 
with a low viscosity ratio. 


A similar plot of the influence on the oil productivity 
of treatment by oil injection is shown in Fig. 8. For 
Case A relative permeability and unit viscosity ratio, 
this plot shows a comparison between the lowering of 
oil productivity with and without oil injection. The 
rather surprising feature of this comparison is that, 
while the initial oil productivity after oil injection is 
quite high, it rapidly falls below that of the untreated 
well. This results because the oil treatment increases 
the total fluid injected to four times that without injec- 
tion and, thus, move water farther from the well. This 
materially expands the zone which contains water at 
saturation greater than the connate water saturation. At 
the time oil from the reservoir reaches the wellbore, 
much more water remains in the sand if oil has been in- 
jected than if it has not, The presence of this water de- 
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creases the permeability to oil and, hence, the oil pro- 
ductivity. 


RATE OF WATER ENTRY 


For Figs. 4 through 8, no influence of rate of entry 
appeared because all the plots were based on total fluid 
injected or withdrawn. If the well has been subjected 
to a pressure differential, Ap, which causes water en- 
try for a period of time, how long must the well be 
swabbed or pumped to restore any oil production at 
all? Because the calculations were performed with suc- 
cessive steps which permitted adjustment of the total 
rate, g, it was possible to investigate this point. A num- 
ber of calculations of injections and backflows were 
made with Case A relative permeability for several vis- 
cosity ratios. In these calculations, the total amount of 
water entering was also varied. It was found that the 
ratio, t(Ap) ouc/t(Ap) in = C, depends only on viscosity 
ratio—not on the total water entry. In C, t(Ap);, means 
the product of time and pressure differential for the 
period during water entry. The product, #(Ap).u ap- 
plies for the period occurring between the time reverse 
flow begins and the time reservoir oil breaks into the 
well. Since the value of C is independent of total in- 
jection, its dependence on viscosity ratio can be shown 
on a single plot. Fig. 9 shows that, for small viscosity 
ratios, less time is required to re-establish some oil pro- 
duction than is required for large viscosity ratios. For 
example, for a viscosity ratio of 1,C = 0.68, if the well 
stands 16 hours with a 200 psi pressure differential be- 
tween the wellbore and the formation; only 11 hours 
would be required to establish oil production with the 
same magnitude of pressure differential (200 psi), now 
reversed in direction. Similarly, 22 hours with 100 psi 
(or any other combination yielding 2,200 psi-hours) 
would suffice. On the other hand, if the viscosity ratio 
had been 30 instead of 1, C would have been 0.9; 14.5 
hours at 200 psi differential (or 2,900 psi-hours) would 
be required before oil production could be re-estab- 
lished, It should be emphasized that, while it is easier to 
initiate oil production for low viscosity ratios, it takes 
more production to regain total productivity (as shown 
by contrasting Figs. 5 and 7). 


CONCLUSIONS 


When a well is blocked by the presence of water 
and there is no interaction between the water and the 


formation material, the work described herein suggests 
the following (neglecting gravity and capillary forces). 

1. A large part of the water entering the formation 
must be flowed or swabbed from the well before any 
oil production is resumed. The larger the oil-water 
viscosity ratio, the greater the fraction that must be 
removed. 

3. Even after production begins, productivity may be 
low for extended periods, gradually building up as the 
water is removed. This extended productivity depression 
is more pronounced in the low oil-water viscosity ra- 
tios. 

3. Injection of oil causes invasion by water of a 
larger region around the wellbore and leads to slower 


restoration of full well productivity. Unless the specific 
action of chemicals contained in the oil is needed, oil 
injection appears undesirable. 
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DISCUSSION 
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The author has presented a practical method for an- 
alyzing a significant and difficult problem; however, the 
results of this analysis can only be accepted qualita- 
tively because of the apparent assumption that displace- 
ment processes are reversible. Although capillary forces 
may be negligible per se, the same relative permeability 
curves cannot, in general, be used to describe both im- 
bibition and drainage displacements—if capillarity were 
actually nonexistent, the curves would tend to degener- 
ate to a pair of reversible straight lines. 

The effect of the saturation history on measured rel- 
ative permeability curves has been observed and re- 
perted;** in all cases, definite evidence of hysteresis 
has been found. Consequently, it is improbable that 
quantitatively correct results could have been obtained 
by the use of a single set of relative permeability curves 
when the region surrounding the wellbore would have 
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been subjected to imbibition-drainage and imbibition- 
drainage-imbibition-drainage processes in the two cases 
considered. 
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AUTHOR’S REPLY TO J. E. WARREN 


Warren has brought out an important point in the 
quantitative use of this method. The ratio C, for in- 
stance, might be changed slightly if the imbibition and 
drainage relative permeability curves are very different. 
This point was considered during the investigation, but 
it was not felt that the important conclusions would be 


changed significantly by adding this complexity. When 
the method is used for an actual set of relative per- 
meability relations (instead of hypothetical analytical 
ones), both the imbibition and drainage curves should 
be fitted with appropriate equations and used in the 
analysis. tok 
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Gravity Drainage of Oil Into Large Horizontal Fractures 


T. E. MORRISSON 
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CT 


An investigation has been made 
of the production of oil through hori- 
zontal fractures of high capacity and 
large radius placed at the base of 
producing formations. The specific 
aims of the study were to (1) deter- 
mine by model studies the reservoir 
performance when gravity drainage 
is the only producing mechanism, 
and (2) develop a method of predict- 
ing such performance from com- 
monly measured reservoir proper- 
ties. 


Although the theoretical approach 
tailed-to develop a rigorous analytic 
suiution to the transient problem, it 
did lead to a practical method of 
predicting performance. Predictions 
are in good agreement with rates and 
recoveries observed in scaled-model 
experiments. Capillary effects and 
the influence of relative permeabi!- 
ity are taken into account. 

The experimental program was 
mainly concerned with the influence 
of fracture radius, fracture capacity 
and capillary hold-up on the total 
recovery and the rate of recovery. 
Much of the experimental work was 
done on a triangular model which 
represented one-eighth of a square 
well pattern, so constructed that 
horizontal fractures of varying radii 
and flow capacity could be studied. 
An electrolytic model was used to 
relate the initial production rates to 
fracture radius, formation thickness 
and the drainage radius of the well 

pattern. 


The conclusions reached as a re- 
sult of the work are as follows. 


1. The production of oil under 
gravity force alone into a well- 
propped horizontal fracture, whose 
radius is of the order of hundreds 
of feet, is a recovery method which 
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combines high-recoveries with very 
acceptable production rates. 


2. The mechanism is effective in 
“dead oil’ reservoirs as well as in 
reservoirs which possess the energy 
of solution gas. 


3. A method of predicting per- 
formance has been developed which 
gives good agreement with experi- 
mental behavior in cases of practical 
interest. Even for very thick beds 
and large fracture radii, where ac- 
tual conditions do not conform to 
the assumptions made, the method 
gives order of magnitude predictions 
which would not otherwise be pos- 
sible. 


INTRODUCTION 


Gravity drainage of oil from a 
formation which has continuous ver- 
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tical permeability over a reasonable 
depth interval is a surprisingly ef- 
fective method of recovery. How- 
ever, for a conventional well the 
production rates which result from 
gravity drainage are so low that the 
economics are seldom attractive, The 
same formation may produce rap- 
idly and profitably by gravity alone 
through a high capacity, extensive 
(i.e., > 100-ft radius) horizontal 
fracture placed near the bottom of 


—the pay section. Fig. 1 shows a 


schematic diagram of the plan. 


Energy in the reservoir gas is not 
a necessary condition for this recov- 
ery process. With a sufficiently large 
fracture, attractive production rates 
will result from gravity flow alone, 
and the producing GOR need only 
be the solution GOR. It is, of course, 
necessary to keep the fluid level in 
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the well below the fracture depth to 
insure the maximum gravity flow 
rate, 

To create high capacity horizon- 
tal fractures having effective di- 
ameters of 200 to 400 ft seems pos- 
sible if the rewards are adequate. 
The problem which remains is to de- 
termine the production performance 
to be expected to permit the econo- 
mics of the entire process to be 
weighed. 


The bulk of the work was con- 
cerned with the flow behavior of res- 
ervoirs which drained into horizontal 
fractures of infinite flow capacity. 
The method of performance predic- 
tion was developed for uniform hori- 
zontal sand bodies having a fixed ra- 
tio of horizontal to vertical per- 
meability and a uniform initial satu- 
ration of oil. To use the method to 
predict the performance of a real 
reservoir, all deviations from the 
idealized model must be considered. 
In particular the permeability _dis- 
tribution and the saturation distribu- 
tion (with its attendant relative per- 
meability variation) must be esti- 
mated in order to derive an equiva- 
lent reservoir to fit the limitations of 
the prediction scheme. 


PREDICTION OF 
PERFORMANCE 


To provide a useful performance 
prediction for fracture gravity drain- 
age recovery, three factors in addi- 
tion to the commonly measured res- 
ervoir properties must receive spe- 
cial consideration. 


1. The geometry of the reservoir- 
sink system. 


2. The relative permeability of the 
formation to oil. 


3. The capillary pressure satura- 
tion characteristics of the rock-fluid 
system. 


THE GEOMETRY 


The performance prediction is re- 
stricted to the particular sink geome- 
try defined by Fig. 1. It may be sep- 
arated into two parts which cor- 
respond to natural stages of produc- 
tion. The two parts predict (1) the 
“early” production rate when the 
flow of oil from immediately above 
the fracture dominates the produc- 
tion and (2) the “late” production 
rate when the height of the gas-oil 
interface at the fracture edge is only 
slightly greater than the zone of 
capillary hold-up. The production 
rate then is really controlled by the 
ability of oil to flow horizontally 
from beyond the fracture. 


DIMENSIONLESS VARIABLES 


It has been found useful to ex- 
press production rate as a fraction of 
the “gravity reference rate” (GRR) 
as defined by Terwilliger, et al.’ Let 
the entire drainage area of a well be 
located over a horizontal fracture 
of infinite flow capacity, i.e., 7, = 
r,. The GRR is the rate of oil pro- 
duction from the reservoir at 100 
per cent oil saturation when only 
the gravity head influences flow. 


If the recovery is expressed as a 
fraction of the original oil in place, 
N,/N, then the rate-recovery rela- 
tionship can be expressed in terms 
of other dimensionless groups — 
F/hik,. The use of \/k,/k, as the 
scale transformation to account for 
normal stratification has been ade- 
quately discussed by others.” 


LIMITING CONDITIONS 


The performance prediction is 
strictly applicable to a system which 
meets the following conditions, 


1. The fracture reservoir geome- 
try is that of Fig. 1. 

2. The fracture flow capacity is 
infinitely large. 

3. The fracture is the only sink 
affecting the drainage area inside r,. 


4. The capillary pressure effect on 
gravity flow may be treated as a cor- 
rection to the gravity head; i.e., the 
oil-gas transition zone is defined by 
an equivalent height, h., which con- 
tributes to flow resistance but not to 
the flow potential. 


DETERMINATION OF INITIAL 
PRODUCTION RATE 


The initial production rate con- 
sidered as a fraction of the GRR for 
given rock and fluid properties will 
depend on three parametric ratios— 
(1) the ratio of initial oil column 
height (h,) to the drainage radius 
(r.); (2) the ratio of fracture radius 
(r,) to drainage radius; (3) the ra- 
tio of horizontal to vertical per- 
meability. 

An electrolytic or electrical model 
may be used to determine the flow 
characteristics of a porous medium 
with the required geometry. Such a 
model was constructed having a cyl- 
indrical non-conducting boundary 
corresponding to r, and variable elec- 
trode dimensions to represent r, and 
r;. Electrical measurements were 
made of conductance, and from 
these the calculation of initial flow 
rates were made as a function of 
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and r,/r.. The initial pro- 
duction rates uncorrected for capil- 
lary pressure effects are graphed in 
Fig. 2 as q./GRR vs r,/r, with the 


factor h,/r.\/k,/k, as the defining 
parameter. The production rates de- 
termined by electrolytic model (q./ 
GRR) may be corrected for capil- 
lary hold-up by multiplying by (1 — 
h./h;,), the fractional effective head 
available for initial flow. 


IPR = (q./GRR) (1—h./hi) (2) 


PRODUCTION RATES SUBSEQUENT 
To INITIAL PRODUCTION RATE 


No analytical solution is available 
to the free boundary problem posed 
by gravity drainage of oil into a hori- 
zontal fracture. However, if a ver- 
tical cylindrical surface of radius r; 
and height h; is visualized, the pro- 
duction can be divided into the pro- 
duction of oil from within that boun- 
dary (early production) and the 
production of oil which must flow 
across the cylindrical surface to 
reach the fracture (late production). 
If the production of one zone did 
not interfere with that from the 
other, each could be defined with 
considerable confidence. The vertical 
flow accompanying production from 
the inner cylinder is precisely de- 
fined by Darcy’s law, provided 
proper relative permeability and 
capillary pressure corrections are 
made, The essentially horizontal flow 
into the inner cylinder from the re- 
gion outside r, may be defined by 
approximate gravity drainage solu- 
tions which bracket the true solution. 

If compensation is made for the 
mutual interference, two segments of 
a production rate vs recovery curve 
are obtained which agree rather well 
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with the production history observed 
in scaled-model experiments. It is 
this agreement with the model re- 
sults which justifies using the method 
for the prediction of reservoir per- 
formance. 


The argument developing the pre- 
diction of the “early rate” history 
and the “late rate” history appears 
in Appendix A. An example calcu- 
lation is presented in Appendix B 
to clarify the actual mechanics of 
making a performance prediction. 


EXPERIMENTAL PROCEDURE 
AND EQUIPMENT 


ELECTROLYTIC MODEL 


_ The electrolytic model used to 
establish the initial production rates 
consisted of two copper discs 
1/32-in. thick, which were separated 
by distances ranging from 0.175 to 
1.42 in. and encased in a plastic 
cylinder of 5.5-in. diameter. Two 
discs of 5.47-in. diameter repre- 
sented the condition of a fracture 
under the entire formation. Discs of 
smaller diameter (namely, 4.15, 3.32, 
2.49, 1.66, 1.25, 0.83 and 0.42 in.) 
represented fractures of lesser radial 
extent. Tap water was used as the 
eléctrolyte. A conductance bridge 
was used to measure the conductance 
of the several electrode arrange- 
ments. 


SAND-FLUID MODEL 


If a square array of wells is vis- 
ualized which extends indefinitely in 
all directions, it is clear that in an 
isotropic medium there will be no 
fluid flow across the boundaries of 
any shaded element such as shown 
on Fig. 1. Consequently, it is suffi- 
cient to study the characteristics of 
oil production from such a field by 
means of a laboratory-sized model 
geometrically similar to the shaded 
region and to establish field results 
from the model data by appropriate 
calculations. 

The model used was a right tri- 
angular prism fabricated with plastic 
sides and aluminum castings for the 
top and bottom and packed with un- 
- consolidated sand. The castings were 
held firmly against the plastic with 
the aid of numerous tie bolts and 
sealed with flat gaskets. A producing 
well was located at one of the two 
45° apexes. Various elevated screens 
of negligible resistance to vertical 
flow could be inserted to support the 
sand above bottom and, thus, repre- 
sent fractures of different flow capac- 
ity and radial extent. The radius 
of drainage could be changed by 
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placing an impermeable divider strip 
vertically between the producing 
well and opposite side and parallel 
to that side. Some of the model di- 
mensions are indicated in Fig. 1. 


As oil drained into the wellbore, 
the fluid level was maintained at the 
bottom of the sand. This was accom- 
plished by an electrical system which 
controlled the effective speed of a 
metering pump. Pump revolutions 
were recorded on a strip chart to 
give a continuous record of produc- 
tion vs time. Two types of sand were 
used in the model studies. One was 
a 7-10 mesh sub-angular sand from 
Portage, Ohio-—the other a 20-30 
mesh silica sand. The coarse sand 
was used with a silicone oil of 94-cp 
viscosity, There was capillary hold- 
up in the sand of 0.4 in., ie., for a 
distance of 0.4 in. above the model 
fracture the sand remained essen- 
tially 100 per cent oilsaturated when 
drained by gravity. The 20-30 mesh 
sand had a comparable zone 1.75 in. 
high, and was used with a 16-cp 
refined petroleum oil. 

The bulk of the experiments were 
conducted with the sand packed as 
uniformly and isotropically as pos- 
sible. The porosity of the 7-10 mesh 
pack was 37 per cent and that of the 
20-30 mesh_sand, 34 per cent. The 
corresponding permeabilities- were 
3,000 and 210 darcies, respectively. 

For experiments on a 20-30 mesh 
sand pack having k, >k,, a layer of 
desk blotter was imbedded for every 
inch of pack height. Holes (0.14-in. 
diameter) were cut in the blotter at 
regular (3.8 in.) intervals. With this 
arrangement the vertical flow of 
liquid was retarded without the blot- 
ter to act as a capillary barrier be- 
tween sand layers. With the 20-30 
mesh sand, such an arrangement 
gave a k,/k, ratio of five. 

In all cases the fractures were 
open so that the only resistance to 
flow in the fracture resulted from 
drag on the fracture faces. Such 
factors as the presence of propping 
sand and miscellaneous fluid loss 
agents were not taken into considera- 
tion in a few experiments the frac- 
ture width was restricted to simulate 
fractures of finite flow capacity. 

The model was scaled in a man- 
ner generally described by others,’” 
with the usual benefits and short- 
comings. 


RESULTS 


The agreement was good between 
predicted and observed performance 
on those models which were packed 


with coarse sand. When a finer sand 
was used, the agreement was poorer 
and the predicted production rate 
was always less than that observed. 
For fracture radii under 20 per cent 
of the drainage radius, the predicted 
rates for the coarse sand were gen- 
erally within 20 per cent of that ob- 
served. Fig. 3 compares the predict- 
ed performance to the experimental 
result of several model tests on a 
7-10 mesh sand. 


Having determined that the meth- 
od of performance prediction would 
give reasonably good results, the 
model set-up was used to check the 
effect of certain key variables on the 
behavior of the fracture gravity 
drainage scheme. 


FRACTURE RADIUS 


The proposed recovery scheme ob- 
viously depends on the extension of 
a high capacity fracture under an 
appreciable fraction of the drainage 
area per well. The most obvious re- 
sult of a large fracture radius is the 
increase in early production rates. 


_-Fig. 4 shows this effect where the 


rates in barrels per day are graphed 
vs cumulative recovery for a specific 
set of prototype conditions. These 
may be converted to other reservoir 
conditions by appropriate application 
of the scalling laws. Strictly speak- 
ing, however, the results apply only 
to a reservoir sand having the k,., 
characteristic of the model. 


FORMATION THICKNESS 


‘The height of the effective oil 
column has a marked effect on the 
early production rates, particularly 
for the more realistic reservoir thick- 
nesses, i.e., less than 50 ft. Fig. 5 
shows a family of curves of rate vs 
formation thickness, with cumulative 
production as the defining parameter. 
Here again the ability of a high 
capacity fracture to provide effective 
drainage at acceptable rates is ap- 
parent. 


STRATIFIED RESERVOIRS 


Severe stratification in a produc- 
ing horizon may exclude the hori- 
zontal fracture, gravity drainage 
scheme from serious consideration. 
The effective vertical permeability 
to oil is the harmonic mean of the 
individual values for the various 
strata in series. A few feet of very 
low permeability or watered-out sand 
in a reservoir having otherwise fa- 
vorable characteristics will greatly 
reduce the potential of the gravity 
drainage method of recovery. How- 
ever, the occurence of a uniform 
non-isotropic sand does not exclude 
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use of the method. As shown by 
Fig. 6, the most serious effect of a 
horizontal to vertical permeability 
ratio of five is the sharp reduction 
of the initial recovery rate. Again, 
the practical inability to use very 
high early rates makes the effect of 
such uniform and such slight per- 
meability variations of little impor- 
tance. As the ratio is increased be- 
yond five, it is obvious that the early 
flush production stage will become 
less and less significant. 


RESTRICTED PRODUCTION 


The results presented so far as- 
sume that the maximum gravity 
drainage rate may be produced at 
all times. Since economic and fluid 
lifting problems would undoubtedly 
restrict an operator’s ability to pro- 
duce at the initial rate characteristic 
of a large fracture of high capacity, 
a series of tests were made at re- 
stricted rates. The results are shown 
in Fig. 7. It is evident that there is 
no penalty attached to the use of 
restricted rates except that of in- 


10 


creased time to produce a given 
volume of oil. 


FRACTURE FLOW CAPACITY 


The model tests, conducted with 
very high capacity fractures, were 
designed to check primarily on the 
reservoir performance. In the pre- 
diction of reservoir performance, the 
flow resistance offered by the entire 
fracture has been placed in series 
with the formation flow resistance. 
Fig. 8 shows the effect of fracture 
flow capacity for realistic reservoir 
conditions. It is evident that, for at- 
tractive production rates, a fracture 
capacity approaching 10,000 md-ft 
is necessary and that a flow capacity 
of 100,000 ft is desirable. However, 
to increase fracture capacity beyond 
100,000 md-ft has almost a negli- 
gible effect on the production rates. 


GRAVITY DRAINAGE FIELD TRIAL 


A single well trial of the recovery 
method proposed in this paper is in 
progress in a reservoir having the 
following pertinent characteristics: 


CURVE | 408-FOOT FRACTURE 
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CURVE 4 |I2-INCH WELL BORE 
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depth to sand, 3,000 ft; sand thick- 
ness, 26 ft; angle of dip, approx. 
0°; porosity, 0.20; effective vertical 
permeability (absolute), 119 md; 
k,/k,, 2; average water saturation, 
48 per cent; reservoir pressure, 7 
psig; reservoir temperature, 97°F; 
oil viscosity, 3.7 cp; oil gravity, 40° 
API. 

There was no evidence of an 
initial gas cap, and the electric logs 
indicated a regular increase in water 
saturation with depth from 30 per 
cent at the top of the sand to 60 
per cent at the bottom. The nearest 
(470 ft) and best producing well in 
the field has a settled production of 
15 B/D with a history of early 
water production which later de- 
creased to 1 B/D. The average 
production per well in the field is 
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7 B/D. The trial well was drilled 
with casing cemented through the 
sand; the fracture was then placed 
23 ft below the top of the sand. 


PREDICTED PRODUCTION 

To apply the techniques of the 
idealized solution, the following as- 
sumptions and assignment of rock 
and fluid properties were made. 


1. The presence of the mobile 
water has no effect on the gravity 
flow of oil except to fix the relative 
permeability curve applicable to the 
oil saturations. 


2. The series effective vertical per- 
meability to oil under the initial con- 
ditions was 52 md. 


3. Height of initial oil column, 


4. Drainage area of well, 40 acres. 
5. Fracture radius, 150 ft. 


6. Fracture flow capacity, 100,000 
md-ft. 


7. The capillary fringe effect was 
equivalent to a 2-ft head of oil. 


8. Oil in place in 40 acres, 750,- 
000 bbl; within 150-ft radius, 30,500 
bbl. 

When the total mobility of the oil 
and water in the reservoir-was con- 
sidered, the predicted production of 
both oil and water into an_ infinite 
capacity fracture was 607 B/D. 
The ratio of mobilities for the depth 
interval containing the fracture was 
considered to fix the producing 
water-oil ratio, and the fractional 
reduction in total productivity due to 
the fracture was considered the same 
as for single-phase flow. The initial 
well productivity predicted was 188 
B/D — 114 oil and 74 water. This 
should be a conservative prediction 
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if the fracture conditions were ideal, 
ie., if the desired radius were 
achieved, if the propping were ade- 
quate and if the damage to oil per- 
meability by frac-water invasion and 
fluid-loss additive were not severe. 
After the sharp drop in production 
rate which results when the bulk of 
the oil located above the fracture is 
produced, the prediction indicated” 
many years of oil production at a 
rate in excess of 10 B/D. 


OBSERVED PRODUCTION 


The first oil was produced 38 days 
after the well was put on production 
and after 509 bbl of water had been 
produced. The production WOR of 
the well is about 0.75 after five 
months of production compared with 
the 0.65 suggested by the mobilities 
in the fractured zone. The absolute 
values for the oil and water produc- 
tion, 40 and 30 B/D, respectively, 
are less than half that predicted. 

Considering the uncertainties as- 
sociated with such a trial, the results 
are encouraging and certainly justify 
further efforts to test the recover 
method. 


CONCLUSLONS 


The fracture gravity drainage 
method shows promise of being an 
attractive method of recovery. With 
the improved fracturing techniques 
now available, it is not unreasonable 
to anticipate well-propped fractures 
of very large (150 to 200 ft) radius. 
The predicted performance, con- 
firmed by model studies, suggests 
that attractive rates and high frac- 
ture recovery will be achieved even 
with large well spacings. Of course, 
fracture gravity drainage is not uni- 
versally applicable. The method does 
not look attractive unless the effec- 
tive oil column is at least 20 ft thick. 
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“Vertical continuity of effective oil 
permeability is necessary and a low 
oil viscosity is desirable. 

The described method of predic- 
tion, while strictly an approximation, 


_- gives results which are useful in pre- 


dicting reservoir performance. The 
prediction attempts to account for 
oil left above the gas-oil interface 
and seems to be entirely adequate 
for values of 7,/r, less than 0.2 and 
for formation thickness less than 25 
per cent of the drainage radius. Even 
where errors are introduced by ex- 
ceeding these limits, their direction 
is predictable and order of magni- 
tude estimates of performance are 
available. The fracture flow capacity 
and the height of oil appear to be 
important factors in the success of 
the fracture gravity drainage scheme. 


NOMENCLATURE* 


C = constant, defined by 
F = fracture flow capacity, 
(millidarcy-feet) 
GOR = gas-oil ratio 
GRR = gravity reference rate 
h, = effective head loss due 
to capillarity 
h, = interface height at r, 
h, = interface height at r, 
h; = initial height of inter- 
face 
h* = effective height of inter- 
face 
IPR = initial production rate 
k, = horizontal permeability 
k, = vertical permeability 


lI 


*For other symbol definitions, see AIME 
Symbols List in Trans. AIME (1956) 207, 
316. 
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qe = initial production rate 
from electrolytic 
model 


q, = early (flush) produc- 
tion rate 


dri = production rate through 
fracture, based on 
fracture drawdown of 
h; 
q = late production rate 


ds = production rate into a 
plane of saturation $ 


r, = fracture radius 


S = oil saturation just above 
interface 


S.: = initial oil saturation 


S,, = residual oil saturation 
(average above inter- 
face) 


V = volume of oil under the 
interface 


w = variable of integration 
= (r/r;)’ 

p = density difference (gas- 
oil) 
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APPENDIX A 


PREDICTION OF EARLY 
PRODUCTION RATES 


As the oil level falls in the reser- 
voir immediately above the fracture, 
the production rate at any time can 
be found by multiplying the rate 
determined by an electrolytic model, 
qe, by a factor (h* — h.)/h* which 
includes the capillary pressure effect, 
the loss of head due to the oil al- 
ready produced and the maintenance 
of effective head by flow from  be- 
yond ry. 

Let (¢./GRR) N define a fictitious 
fractional volume of reservoir vol- 
ume N which is greater than the 
volume of the right cylinder defined 
by r, and h;. This volume is the 
source of the early production and 
for convenience may be regarded as 
a right cylinder of radius slightly 
greater than r;. This cylinder is 
shown in section on Fig. 9 by area 
ACDF. Assume that all the oil pro- 
duced to give the reservoir gas-oil 
interface was removed from the vol- 
ume (qg./GRR) N with the same 
volumetric efficiency as from the res- 
ervoir proper. (The gas oil interface 
is defined as that height below which 
the reservoir is completely liquid 
saturated.) This results in a fictitious 
interface BE at height h*, The ratio 
of the cylindrical volume designated 
BCDE to the volume ACDF is the 
ratio of effective height, h*, causing 
the early flow rates to the initial 
height, h;, 1.e.: 

BODE, <h* 

The volumes represented by Sec- 
tions ACDF and BCDE can both be 
written in terms of V and N where 
V = volume under the gas-oil inter- 
face: if 
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ACDF = 
and 


BCDE = 
(q./GRR) N-(N-V), () 
then 


The height h* is to be corrected 
for capillary pressure effects. The 
production rate from the electrolytic 
model, which gives the rate when 
* = h, with no capillary correction, 
is multiplied by (h* —h,)/h* to 
give the early production rates cor- 
rected for the capillary pressure ef- 
fect and for the contribution to flow 
from outside r;. Now: 


GRR GRR 


1 
/ = 3 
(q./GRR) 1 V/N 


(@./GRR) 


(7) 
Eq. 7 reduces to Eq. 2 and so 
defines the initial production rate 
when V = N. When the gas-oil inter- 
face reaches the capillary fringe and 
h* = h., the predicted early produc- 
tion becomes zero. This case is of 
no importance to the prediction since 
the flow from beyond r, dominates 
the production as h* approaches h,. 
Eq. 7 is thus appropriate for zero 
production and for the end of the 
early production phase. At  inter- 
mediate times it provides an approxi- 
mate correction for the effect of 
flow from beyond the fracture. 


RELATIVE PERMEABILITY 
EPFECTS 


The early production rates have 
been determined as a function of the 
volume under the gas-oil interface. 
To provide a production history it 
is necessary to relate this rate to the 
cumulative recovery by determining 
the average residual oil saturation 
above the gas-oil interface. This 
average saturation is assumed to 
depend only on the drainage rate. 
This dependence on rate is consider- 
ed identical in the fracture gravity 
drainage model and in a cylinder 
packed with oil-saturated sand; i.e., 
the behavior of the mobile oil above 
the gas-oil interface is not influenced 
by the geometry of the fractured 
reservoir. 


As the gas-oil interface moves 
downward through the cylinder, some 
mobile oil is left behind. The amount 
of oil above the gas-oil interface at 
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auy given traction of cumulative 
production is a function of the rela- 
tive permeability to oil above the 
interface and the rate of withdrawal. 


The behavior of the system above 
the gas-oil interface may be ex- 
pressed by Eqs. 8 through 11. Time, 
rate and the average oil saturation 
are expressed as a function of S, the 
saturation in a plane at an incremen- 
tal height (Ah) above the gas-oil in- 
terface. 


qs = (GRR) (kro) s (8) 


where gs is the drainage rate of 
flow into the plane of saturation S. 


als, 
GRR dS 


_where ¢ is the time required for the 
plane of saturation S to move down- 
ward as far as the gas-oil interface. 


dk, 
ds 


where S,, is the average residual oil 
saturation above the interface, and 


where N, is the cumulative produc- 
tion of oil. 


The magnitude of qx is not known 
but it may be assumed to be ap- 
‘proximately equal to the early pro- 
duction rate (q,;) the electrolytic 
model results corrected for capillary 
pressure effects and flow from be- 
yond r;. This fixes (k,,), by virtue 
of Eq. 8 and thereby gives a value 
for the saturation S, The average 
residual oil saturation in the depleted 
region (N — V) is defined by Eq. 
10 and the cumulative production is 
computed from Eq. 11. The true qs 
must be less than g,; otherwise the 
gas-oil interface would not fall as 
oil is produced. The error introduced 
by this approximation depends on 
the character of the k,, curve and 
the magnitude of gs. All factors on 
the right side of Eq. 10 are increased 
by the approximation error and the 
result is an erroneously low figure 
for cumulative production. As r,; ap- 
proaches r,, the error becomes larger. 
For r;/r. < 0.2, the resultant error 
in the cumulative production is less 
than 2 saturation per cent. 


Se — (Keo) 


(10) 


The calculations may be simplified 
by preparing a graph of S,, vS qs 
for the oil relative permeability in 
question. Eq. 11 relates the cumu- 
lative production to S,,. Eqs. 8 and 
10 and the oil relative permeability 
curve for the sand in question per- 
mit curves of cumulative production 
vs production rate to be constructed. 


Fig. 10 shows such curves for a 
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range of oil relative permeability 
characteristics. It shows quantitative- 
ly the fall-off in oil production rates 
into the gas-oil interface which re- 
sults from relative permeability ef- 


ects alone (r; = r.). Curve 2 is the 


result of an experimental run on 
(4-7 mesh) sand. 


PREDICTION OF LATE 
PRODUCTION RATE 


No exact solution has been found 
for the flow into a radial system 
which approximates in geometry the 
system applicable in the so-called 
late production history of the frac- 
ture gravity drainage scheme. A 
quasi-stable gas-oil interface has de- 
veloped between r, and r, and oil 
must traverse a long horizontal dis- 
tance before reaching the fracture. 
For a thin horizontal formation, a 
useful approach is to assume that 
(at any radius) the height h of the 
gas-oil interface is a measure of the 
height and thus the pressure avail- 
able to cause (nearly) horizontal 
flow. Even this assumption, however, 
does not lead to an exact solution, 
but to two limiting cases. 


The Dupuit-Forcheimer*” equation 
for gravity flow into a wellbore is 
not strictly applicable; in particu- 
lar, it does not cover a varying 
height of oil at r.. If the height of 
the oil column at r, were constant, 
the gas-oil interface would be truly 
stable and the resultant expression for 
radial flow across the boundary at r, 
would give a value less than that 
which would be experienced under 
actual reservoir conditions. The Du- 
puit-Forcheimer approach does pro- 


vide a lower limit to the actual flow 
experienced. It may be written: 


; 12 
d= Inr./r; 2) 


Now if all flow is assumed to orig- 
inate in the volume betmeen r, and 
r, and it is further assumed that all 
areal elements between r, and r, 
make an equal contribution to the 
total flow, an expression results which 
gives erroneously high flow values. 
This provides an upper limit. It may 
be written: ‘i 


a= 
An expression similar to Eq. 13 for 
flow into a well was developed by 


Matthews and Lefkovitz.” Eqs. 12 
and 13 predict different late rates, 


(he — ht) (1 


_qi, Which bracket the correct one. 


The difference between Eqs. 12 and 
13 is small, but Eq. 13 gives better 
agreement with model experiments. 
Eq. 13 written in terms of the vol- 
ume of oil under the gas-oil inter- 


-face becomes: 


qa=C (14) 
where 
f 
| 
1 
r 
Vin» 
Si 
where w = (15) 


The constant C was evaluated by 
integrating Eq. 13 for h, =0. Ea. 
14 is thus appropriate if h, = 0 and 
also when h,/h; = V/N. The error 
for intermediate values has been esti- 
mated to be no larger than that pro- 
duced by a 22 per cent uncertainty 
in the value of hy. 

The constant C as a function of 
r,;/re is illustrated in Fig. 4 for the 
particular value of hi/r. Vki/k» = 
0.1. This constant is equal to the late 
rate, g., expressed as a fraction of 
GRR, extrapolated back to zero time, 
for the particular case of h,; = 0,and 
hi/re = 0.1. The solid line 
shows the constant C as written. If 
Eq. 12 instead of Eq. 13 is used, the 
constant has a slightly lower value. 
This is shown by the dotted line, For 
a formation thickness other than the 
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Fic. 11—EvatuaTion or Constant C = (q,/GRR),... (EQ. 15.) 


one shown, the rate is easily found 
because in either expression the rate 
is proportional to the square of the 
formation thickness. 


Generally, h, will equal h., the 
capillary height. In order to correct 
for the capillary fringe, the effective 
driving head must be decreased. To 
do this, the square of the fractionai 
height assigned to the capillary fringe 
is substracted from the square cf 
the effective height, V/N. The rate 
for a particular value of V/N then 
becomes 


(1G) 


The relative permeability effect is 
handled in the same manner as is 
used for early production rates. To 
define the cumulative production cor- 


responding to q,, the cumulative pro- 
duction has been expressed in terms 
of V and WN and the residual oil 
above the interface by Eq. 11. A 
predicted production history of the 
late stage of production is thus avail- 
able. 


APPENDIX B 


EXAMPLE CALCULATION 


The example chosen represents a 
model experiment on the 7-10 mesh 
sand. The following are the key con- 
ditions with prototype values given 
in parentheses: 

; = 5.4 in. (90 ft) 
h, = 0.375 in. (6.2 ft) 
r, = 44,7 in. (745 ft) 

= 6.5 in. (108 ft) 
fy == 0.12 in. (2 ft) 


I 


| 


k,, = k, = 3000 darcies (100 md) 
lo = 94.5 cp (1 cp) 

& = 0.37 (0.208) 
S,; = 1.0 (1.0) 

A, = 6273 in.” (40 acres) 


6 


GRR 72,200 cm®/min (63,800 B/D) 
F = 5.5 X 10° md-ft (4 X 10° md-ft) 


k,.. defined by experimental Curve 2, Fig. 10 


Calculate three reference rates as 
follows: 

1. For r,/re = 0.145 and h,/r. 
\V/k,/k, = 0.122, consult Fig. 2 to 
determine g./GRR = 0.043. This 
rate is the basis for the stepwise cal- 
culation of the initial production rate 
(IPR) and the subsequent rates. (q.) 

2. For 7;/r,- => 0,145 and 
= 01, q/GRR (the late 
rate at zero time) may be read from 
Fig. 11. To correct this value 
(0.0084) to that for hi/r. Vkn/ko 
0.122, 0.0084 must be multiplied by 
(0.122/0.10)? to obtain 0.0125 (the 
late rate extrapolated to zero time 
but uncorrected for capillary pres- 
sure). 


3. The flow rate through the frac- 
ture which would exist if the driving 
head at r, were h;: 

dri QFh; 
GRR 


This rate is larger by a factor of 70 
than the initial production rate, indi- 
cating that the model fracture pro- 
vided a negligible resistance to flow 
even at the maximum rate. 


The calculation of production rates 
and cumulative production may now 
be made as follows: 


1. Prepare a table shown in the 


= 3.0. 


TABLE 1 — SAMPLE CALCULATIONS 


(5) 
Effective Height,  Rate/GRR Rate/GRR Gas Oil Fractnl. Cum. 
h*, for Early ai q Rate/GRR Production Rate/GRR ae ser Prod. from Res. 
(1) “GRR 3.0 Early Rate Late Rate ) Np/N = 
Assumed h*/h, = 2 GRR Corresponding 
V/N 0.043 h*/h; N h, 5) (4) (5) irom Fig. 10 (1 — S,,) 
1.00 1.00 0.040 0.0124 2.8 0.69 0.00 
0.99 0.77 0.039 0.0122 2.8 0.038 nes 0.69 0.007 
0.98 0.53 0.037 0.0119 2.7 0.70 0.014 
0.97 0.30 0.033 0.0117 0.71 0.021 
0.96 0.07 0.000 0.0115 0.0115 0.77 0.031 


NOTE: See text for source of constants in equations of Cols. 2, 3, 4 and 5. 
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accompanying example, Table 1. The 
headings of Cols. 2, 3, 4 and 5 
incorporate the reference rates com- 
puted above. 


2. In Col. 1, list arbitrary values 
of V/N in descending order as 
shown. 


3. Calculate h* (Col. 2) and the 
early reservoir rates (Col. 3) for 
each value of V/N yielding an early 
rate greater than zero. 


4. Calculate the late reservoir 
rates (Col. 4) for each value of V/N 
(Col. 1). 


5. Calculate the limiting rate de- 
fined by the fracture capacity for 
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the fractional head of oil at r;, (V/N 
/ (See the’ ex- 
ample this rate is so much higher 
than any reservoir rates that its ef- 
fect on the results is negligible. 


6. Calculate the rates at the weil 
by considering the reservoir and the 
fracture to be in series; i.e., com- 
pute one-half the harmonic mean of 
the corresponding rates in Cols. 3 
and 5 for the early rates, in Cols. 
4 and 5 for the late rates. Enter the 
resulting rate in Col. 6. 


7. For each production rate of 
Col. 6, pick the corresponding cumu- 
lative recovery from Fig. 10 and 
enter in Col, 7. This value is numer- 


ically equal to the fractional produc- 
tion of oil from the region above the 
gas-oil interface, (1 — S.-)y-v 
since the curves of Fig. 10 apply 
only to a cylinder for which r; = 7. 


8. The cumulative production, 
(1.— V/N) (1 = So-) may then. be 
calculated as in Col. 8. 


9. A plot of the rates of Col. 6 vs 
the cumulative production will re- 
sult in a predicted production his- 
tory composed of two segments as 
described in the preceding section. 
Fig. 3 shows the predicted perform- 
ance and the observed model results 
to which the figures of Table 1 
apply. 
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ABSTRACT 


Analysis of acidizing techniques, in correlation with 
reservoir data and a backlog of past treatments, has 
resulted in the development of a valuable engineering 
guide for planning acidizing treatments. Such treatments 
fall into three categories: (1) acid injection into the 
pores of the matrix; (2) acid injection into natural for- 
mation fractures at less than parting pressure; and (3) 
combination acidizing-fracturing treatments in which 
acid solutions (without propping agents) are injected at 
treating pressures sufficient to open and extend frac- 
tures through which the acid flows. 


Because the spending time of acid during a specific 
well treatment does not change appreciably, maximum 
penetration is attained when the first increment of in- 
jected acid is completely spent. Additional acid injec- 
tion cannot be expected to further extend the benefits 
of the treatment. Depth of penetration will depend upon 
the reaction rate of the acid under treatment conditions, 
the injection rate of the acid into the matrix or frac- 
tures and the area-volume relationship existing in the 
flow channels. 

Based on Darcy’s flow formula, extremely low injec- 
tion rates must be used in order to keep bottom-hole in- 
jection pressures below formation fracturing pressure. 
As a result, only limited penetration of unspent acid 
will occur. Treatment records indicate that, in most 
acidizing treatments, formation parting pressures are 
exceeded, greatly extending acid penetration. 

Under these conditions, stimulation benefits are lim- 
ited to the fracture area produced during the spending 
time of the first increment of acid injected into the for- 
mation. This area may be calculated from laboratory 
and well data to estimate depth of penetration. This, in 
turn, may be correlated with productivity data to assist 
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office Oct. 4, 1959. Revised manuscript received Jan. 19, 1960. 
Paper presented at 34th Annual Fall Meeting of SPE Oct. 4-7, 
1959, in Dallas, Tex. 


Discussion of this and all following technical papers is invited. 
Discussion in writing (three copies) may be sent to the office of 
the Journal of Petroleum Technology. Any discussion offered after 
Dec, 31, 1960, should be in the form of a new paper. 
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in the selection of optimum treating techniques and ma- 
terials. 


EN TROD U CPT ON 


The art of gas and oil well acidizing has been charac- 
terized by many changes in treating materials and tech- 
niques since its inception. These developments have 
been designed to provide greater production increases, 
prolong production declines and shorten payout time. 
Such improvements have been based primarily on data 
derived from laboratory research and field experience. 
As more of the variables mfluencing these treatments 
have been recognized and evaluated, acidizing has be- 
come less of an art and more of a science. 


Recent studies of fracturing treatments,’ in light of 
individual well conditions and the results of thousands 
of fracturing treatments, made possible the formulation 
of an engineering guide that is now being used to se- 
lect optimum treating techniques and to forecast proba- 
ble results of such treatments. A similar analysis of the 
factors controlling acidizing treatments has been made 
and is the basis for this paper. The findings herein can 
be used as a guide in the selection of acidizing solutions 
and techniques, tailored to fit specific well conditions 
and to provide optimum stimulation per dollar cost. 


Acidizing treatments may be classified into three ba- 
sic categories—(1) treatments in which the acid is in- 
jected uniformly into the pores and flow channels of 
the matrix, (2) treatments in which the acid enters 
natural fissures and fractures in the formation at less 
than fracturing pressures and (3) injection of acid into 
the formation at a pressure sufficient to open and ex- 
tend fractures into the rock through which the acid 
penetrates (without the inclusion of a propping agent). 


TYPE 1— MATRIX ACIDIZING 


This category consists of treatments in which acid 
solutions are injected into a homogeneous carbonate 


1References given at end of paper. 
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formation at bottom-hole pressures significantly less 
than formation parting pressure. Under these condi- 
tions, it is assumed that the acid enters the natural pores 
and flow channels of the matrix uniformly. As it pene- 
trates, the acid dissolves the rock from the interior of 
these pores, enlarging them. The purpose of this type 
of treatment is to increase the permeability of the for- 
mation uniformly. 


In evaluating the factors controlling this type of 
acidizing action, certain basic assumptions must be 
made: 


1. The exposed formation is homogeneous (non-frac- 
tured). 


2. All formation pores are uniform in size, and the 
acid penetrates uniformly and radially. 


3. The reaction rate declines uniformly with decreas-—_ 


ing acid concentration until the acid is completely spent. 


ee 4. In a given pore, the weight of limestone dissolved 
per incremental distance declines uniformly from the 
wellbore to the point of complete spending of the acid. 


When acid is injected into a formation, it reacts with 
the walls of the pore through which it passes, dissolv- 
ing the rock and enlarging the pore. This reaction slows 
down as the acid spends and penetrates further from 
the wellbore. When the acid spends completely, addi- 
tional radial penetration of the formation produces no 
additional benefit because no further pore enlargement 
takes place. 


The velocity of the acid in the pore and its spending 
time determine the maximum radial penetration of un- 
spent-acid. Assuming constant injection rate (which 
will produce uniform velocity of acid through the 
pore) and that the spending time remains essenttally 
constant from one increment of acid to the next, later 
increments of acid entering the pore should penetrate 
no deeper before spending than did the first droplet of 
acid entering the pore. As a result, instead of lengthen- 
ing the treated flow channel, additional acid will only 
enlarge the cross-sectional diameter of the pore. Thus, 
the treated area (that portion of the formation in con- 
tact with unspent acid) remains constant and the 


injection of additional acid will not appreciably extend 


it. 

Small variations in the depth of penetration achieved 
will result from the reduced velocity of acid into the 
pore, because of increasing volume of the enlarged 
pore. Assuming the reaction rate of the acid did not 
change, this would result in Jess penetration from the 
wellbore. An opposing factor is the change in area- 
volume relationship between the rock and the acid as 
the pore enlarges, which would result in deeper pene- 
tration of the acid before spending. In this discussion, 
these variations are assumed to be negligible because 

-they should, in effect, partially cancel out each other. 

The radial distance the acid will penetrate before 
spending may be calculated from the following for- 
mula: 


get 
(1) 


The derivation of this formula is shown in Appendix 
A. The only unknown factor in this equation is ¢, the 
spending time in seconds. This factor is obtained from 
experimental laboratory data and is calculated on the 
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basis of the area-volume relationship existing in the 
formation, obtained from the following equation: 


— 1 4 = 

The derivation of this equation also is shown in 
Appendix A. The area-volume relationship and its 
effect on spending time were studied in the laboratory 
by controlled reactions on pure calcium carbonate, and 
the spending time for various area-volume relation- 
ships obtained. In matrix acidizing, the S, will be so 
great that the spending time will be less than 15 
seconds. 

It becomes evident that, to achieve increased pene- 
tration during matrix acidizing, it is necessary either 
to decrease the reaction rate of the acid with the rock _ 
or to increase the injection rate of the acid into the 
formation. The former can be accomplished, to some 
extent, by the inclusion of suitable additives in the 
acid solution. The injection rate that can be achieved 
is limited, however, by the bottom-hole differential 
pressure that can be tolerated by the formation before 
fracturing will occur. The relationship between the 
injection rate and the differential pressure required to 
achieve it is dependent upon the permeability of the 
formation and the viscosity of the injected acid solu- 
tion. 

Trial calculations using Darcy’s radial flow formula 
(see Appendix A) will show that, in most cases, the 
differential pressure required to obtain an injection 
rate to yield any appreciable penetration into the for- 
mation is greater than the fracturing pressure of the 
formation. This is illustrated in Table 1. 

In the past, many have assumed that during most 
acidizing treatments the acid solution entered the pores 
of the matrix uniformly and that permeability increases 
derived from such treatments were the result of pore 
enlargement. It may be seen from this data, however, 
that this evidently has not been the case. In all but 
very permeable formations, the bottom-hole differential 
pressure necessary to achieve any appreciable penetra- 
tion into the matrix is greater than the fracturing pres- 
sure of the formation. It would appear that the charac- 
teristic “pressure break” observed on many acidizing 
treatments actually signified that formation parting had 
been achieved. 

In some cases, limited, uniform penetration of acid 
into the pores-of the matrix is desirable. For example, 
when formation damage due to drilling mud infiltration 
has occurred in the immediate vicinity of the wellbore, 
matrix acidizing is valuable in reducing or eliminating 
“skin effect”. It should be noted, however, that under 
these conditions the injection rate must be kept low 
enough that fracturing pressures are not exceeded; 


TABLE 1—INJECTION RATE AND BOTTOM-HOLE DIFFERENTIAL PRESSURES 
REQUIRED TO PRODUCE DIFFERENT DEPTHS OF PENETRATION 
DURING MATRIX ACIDIZING 


Formation Permeability 


Penetration 5 md 100 md 
6 in 0.56 bbI/min/ft 0.26 bbi/min/ft 
2.68 X 10% psi 6.24 X 10? psi 
1.7 bbl/min/ft 0.77 bbl/min/ft 
1.17 X 105 psi 2.71 X 108 psi 
9.4 X 104 psi 


Note: The injection rates shown are the minimum rates required to obtain 
the desired penetration. 


otherwise, the formation would part and allow the acid 
to by-pass the damaged section. 


TYPE 2—ACIDIZING THROUGH FRACTURES 
(LOW PRESSURE) 


This category pertains to acidizing treatments con- 
ducted in formations containing natural fractures or 
fissures. The injection rate is controlled during such 
treatments so that the bottom-hole differential pressure 
is not sufficient to open up or extend these natural 
fractures. The purpose of such treatments is to remove 
secondary deposition or loose particles in the fractures 
and to dissolve rock from the fracture faces, thereby 
improving fracture conductivity. 


The evaluation of such treatments requires certain 
basic assumptions. 


1. The fractures are in a horizontal plane, extend 
radially from the wellbore and are of uniform width. 


2. Because of the large difference in permeability 
between the fracture and matrix, the quantity of acid 
entering the formation pores may be considered as 
negligible in comparison with that entering the frac- 
tures. 


3. The reaction rate of the acid is proportional to its 
concentration and, as in the case of matrix acidizing, 
the quantity of rock dissolved from the face of the 
fracture decreases incrementally with increased acid 
penetration until the acid is spent. As before, additional 
increments of acid passing through the fracture will 
not extend the acidized area but will merely increase 
the fracture width. 


In this type of acidizing, the maximum penetration 
of the acid into the formation through the fracture is 
dependent upon three factors—(1) the area-volume 
relationship existing in the fracture, (2) the spending 
time of the acid under treatment conditions of tempera- 
ture and pressure, and (3) the injection rate at which 
the treatment is performed. 


The radial distance the acid will penetrate before 
spending can be calculated from the following formula. 
| 0.908q, t 


The derivation of this formula is given in Appen- 
dix B. 


Where injection pressures are controlled so that they 
remain below the formation parting pressure, the natur- 
ally occurring fracture width prevails. In most cases, it 
is safe to assume that this will be a rather small 
figure, in the range of 0.1 mm or less, Under these con- 
ditions, the spending time of 15 per cent acid on lime- 
stone will be less than one minute. 


Because this spending time for acid in narrow frac- 
tures is so short, high injection rates are required to 
obtain appreciable penetration. High injection rates, in 
turn, require high injection pressures, which may ex- 
ceed the formation fracturing pressure. Therefore, the 
amount of penetration that can be attained by this tech- 
nique also is limited. 


Table 2 shows the depth of penetration before spend- 
ing that can be expected in different width fractures at 
various injection rates. This table also shows the calcu- 
lated bottom-hole differential pressures required to at- 
tain these injection rates. Comparative data are included 
to show the effect of the number of natural fractures 
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TABLE 2—PENETRATION OF UNSPENT ACID INTO NATURAL FORMATION 
FRACTURES AT VARIOUS INJECTION RATES AND 
DIFFERENTIAL PRESSURES 

No. Fractures 


1 10 100 
Fracture Width — 0.001 mm (1 bb!I/min/ft) 
Maximum radial penetration, ft 242 77 24 
for max. penetration, psi 5.210" 108 3.4107 
for 20-ft penetration, psi 1102) X10 3.3 X 107 
Fracture Width — 0.01 mm (1 bbl/min/ft) 
Max. radial penetration, ft 140 44 14 
for max. penetration, psi 4.710%. 3.9% 10° 3.0 X 10% 
Fracture Width — 0.1 mm (1 bbl/min/ft) 
Max. radial penetration, ft 77 24 8 
/\P for max. penetration, psi 26 
for 20-ft penetration, psi 3.3.10? 110" 


Fracture Width — 0.i mm (2 bbl/min/ft) 


Max. radial penetration, ft at 34 17 
A\P for max. penetration, psi — 7.4X 10° 63 
A\P for 20-ft penetration, psi — 6.6 X 10? — 
Fracture Width — 0.1 mm (5 bbI/min/ft) 

54 


Max. radial penetration, ft —~ / 
for max. penetration, psi 108 19656110 
JA\P for 20-ft penetration, psi — 

Fracture Width — 0.1 mm (10 bbl/min/ft) 


Max. radial penetration, ft 4 
/A\P for max. penetration, psi =a — 3.4 X 107 


intersecting the wellbore at the face of the formation. 
The equations from which these data were derived are 
shown in Appendix B. 

In evaluating these data, it must be remembered that 
most natural fractures are very narrow and have low 
permeability. Also, it is likely that they will be short 
and will not extend appreciable distances from the well- 
bore. Under these conditions, excessive bottom-hole 
differential pressures would be required to attain an 
injection rate sufficient to achieve appreciable forma- 
tion penetration before spending. 


In practice, maximum acid penetration cannot be 
predicted accurately because, in most cases, it is im- 
possible to determine how many fractures are exposed 
to the wellbore, the inclination of these natural frac- 
tures or their average width. 


TYPE 3— ACIDIZING THROUGH FRACTURES 
(HIGH PRESSURE) 


As in the previous category, this classification con- 
sists of injecting acid into fractures or zones of weak- 
ness in the formation. In this case, however, injection 
pressures exceed formation parting pressure, which re- 
sults in the acid’s opening and extending fractures in 
the matrix. The purpose of this type treatment is to 
produce high permeability channels to the wellbore and, 
thereby, improve reservoir drainage. For the proper 
evaluation of such treatments, the following assump- 
tions must be made: 


1. A single fracture is created when formation part- 
ing pressure is exceeded. 


2. The shape of the created fracture is either ver- 
tical-rectangular or horizontal-radial. 


3. Because of the difference in fracture permeability 
and matrix permeability, the majority of the acid en- 
ters the fracture; the amount entering the matrix from 
the wellbore is negligible. 


4. The acid solutions do not contain propping agents. 
Although such materials are beneficial in fracturing, 
they are not included in the scope of this paper. 


5. The total volume and area of the created fracture 
will depend upon volume of acid, injection rate, frac- 
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ture width during the treatment, viscosity and fluid-loss 
characteristics of the acid and physical characteristics 
of the formation rock and fluid. 


The combined benefits of fracturing and acidizing 
should be obtained from this type of stimulation treat- 
ment. Although the total extent of the created fracture 
will depend upon the size of the treatment, the dissolv- 
ing action of the acid will not necessarily be extended 
to cover the entire face of the fracture. In other words, 
the injected acid is capable of further extending the 
fracture, even after it is completely spent. 


As previously discussed, the depth of penetration of 
the acid, prior to complete spending, will depend upon 
its reaction rate in the formation, its velocity through 
the fracture and the area-volume relationship existing 
in the fracture. 


At higher than parting pressures, fracture widths of 


about 0.1 in, can be expected. As a result of the low 
area-volume relationship, the spending time of the acid 
“is much greater than that in normally occurring, low 
permeability fractures. 


Here again, acidizing benefits will be limited by the 
maximum penetration of the acid before complete spend- 
ing. Additional acid, although it may increase the width 
of the fracture, will penetrate no farther into the for- 
mation before spending. Although additional fracture 
extension may be derived from the hydraulic action of 
the spent acid, it is questionable that any permanent 
benefit will be derived. This is true because, in the ab- 
sence of a propping agent in the acid, the fracture (be- 
yond the radius of unspent acid penetration) can be 
expected to “heal” as soon as the treating pressure is 
released. 


In the acidized portion of the fracture, formation 
heterogeneity caused by differences in composition, so- 
lubility and reaction rate usually results in non-uniform 
dissolving of the formation rock over different areas of 
the fracture face. The resulting irregularities in the face 
of the acidized fracture should prevent it from closing 
completely when the pressure is released. As a result, 
newly created void space remains in the fracture fol- 
lowing the treatment and greatly improves the per- 
meability of the fracture. 


Some small additional benefits may be expected from 


the dissolving action of the acid solution, leaking off 
into the pores of the matrix from the fracture faces. 
In most cases, this acid is largely spent, being the por- 
tion of fluid in immediate contact with the face of the 
fracture. The area-volume ratio in these pores will be 
so high that the acid will spend rapidly; very little pene- 
tration will occur before the acid is completely spent. 

In the two previous categories, injection rates attain- 
able were limited by the high pressures required to in- 
ject acid into the low-permeability formation pores or 
closed fractures. In this category, however, the much 
greater permeability (resulting from opening up for- 
mation fractures) permits the use of much higher in- 
jection rates before the pressure limitations of the well 
equipment are exceeded. 

The availability of high injection rates, in conjunc- 
tion with the prolonged acid spending time resulting 
from the low area-volume relationship, makes it pos- 
sible to achieve extensive formation penetration before 
spending. The maximum penetration for any specific 
injection rate can be estimated by calculating the area 
of fracture produced by the volume of acid injected 
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over the time interval required for the first increment 
of injected acid to spend completely. 

In most cases, acidizing treatments are not designed 
to obtain maximum formation penetration because the 
rate of productivity increase per unit volume of injected 
acid progressively decreases to a point of economic im- 
practicability. 


PLANNING ACIDIZING TREATMENTS 


On the basis of the foregoing discussion, it can be 
seen that most acidizing treatments employing present- 
day techniques fall into the third category and must be 
so evaluated. Experimental evidence has shown that, in 
formations with good vertical permeability, the greatest 
benefit can be derived (in either an acidizing or frac- 
turing treatment) from one long fracture rather than 
from multiple short fractures, This has been demon- 
strated by potentiometric studies.” 


Acidizing treatments should be planned on the basis 
of the same factors used in pre-planning a fracturing 
treatment, placing special emphasis on the additional 
factor of acid penetration prior to spending. The first 
step is to determine the spending times of various types 
of acid with relation to a specific well. This requires 
evaluation of the factors—(1) type of acid, (2) com- 
position of rock, (3) formation temperature and (4) 
formation pressure. 


From laboratory testing of well cuttings or core sam- 
ples, the length of time that will elapse before the initial 
increment of injected acid is spent can be determined 
for any specific well (for each type of acid). Knowing 
the injection rate, it is then possible to determine the 
total volume of injected acid in the formation at the 
moment the initial increment of acid is completely 
spent. The fracture area created by this acid volume 
can be calculated from the fracturing characteristics 
of the acid solution used and from applicable well 
data.’ This represents the acidized portion of the frac- 
ture and does not include any additional fracture area 
that may be created by spent acid. 


By combining the spending time for a particular acid 
solution with the injection rate, the minimum acid vol- 
ume that will yield maximum penetration of unspent 
acid can be calculated. 


Various productivity curves have been presented, 
based on different assumptions. All these have not been 
in agreement. In pre-planning optimum acidizing solu- 
tions and techniques, satisfactory results have been ob- 
tained by averaging these productivity data. (See Ap- 
pendix C.) These averaged curves may be seen in Figs. 
1 and 2. 

The first step in planning an acidizing treatment is to 
determine the volume of acid required to provide maxi- 
mum penetration at a specific injection rate. The re- 
sulting fracture area is then calculated using applicable 
formulas and graphs.’ Knowing the fracture area and 
depth of penetration, it is possible to determine what 
productivity increase can be expected. If the predicted 
productivity increase is too low, similar calculations 
should be made for treatments employing higher injec- 
tion rates or acid solutions with prolonged spending 
times. 

Study of the productivity index curves also makes 
it possible to predict what fracture area will be required 
to provide the minimum productivity increase satisfac- 
tory to the well operator. From this can be determined 
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the acid volume and injection rate required to produce 
this amount of stimulation, This represents the mini- 
mum acceptable volume of acid for any particular treat- 
ment. In practice, the well operator can select the size 
treatment he desires (somewhere between these maxi- 
mum and minimum figures) based upon comparative 
treatment costs and estimated payout times. In this 
manner, acid jobs may be designed to determine what 
treating conditions will provide the most economical 
stimulation treatment for any specific well. 


The following example illustrates the calculations in- 
volved in planning a typical acidizing treatment. It is 
known that (1) maximum injection rate is 5 bbl/min, 
(2) pressure differential existing across formation dur- 
ing injection is 1,000 psi, (3) formation permeability 
is 0.5 md, (4) porosity is 10 per cent, (5) limestone 
formation has a reaction rate of four minutes with regu- 
lar acid and 47.5 minutes with retarded acid, (6) re- 
tarded acid viscosity is 86 cp at injection conditions, 
(7) formation tends to fracture in a horizontal plane 
and (8) well spacing is 660 ft. 


For a reaction time of 47.5 minutes and an injec- 
tion rate of 5 bbl/min, the maximum volume of acid 
that can be injected will be 9,975 gal. 


Using published tables for the calculation of fracture 
areas,’ the coefficient for the retarded acid will be 1.12. 


For a coefficient of 1.12 and an injection rate of 5 
bbl/min, the fracture areas created would be (1) 28,- 
500 sq ft (5,000 gal acid used) and (2) 44,000 sq ft 
(10,000 gal acid used). 


Referring to Fig. 1, the production increase. expected 
for the 5,000-gal treatment would be 3.7 compared to 
4.1 for the 10,000-gal treatment. Therefore, economics 
would enter into the selection of the correct treatment 
volume because the difference in expected production 
increase between the two is so small. 


FIELD CASE HISTORIES 


The following typical case histories are presented to 
illustrate the procedures used in planning acidizing 
treatments on the basis of laboratory and well data. 


WELL A 


A wildcat well, located in Kingfisher County, Okla., 
was completed in the Oswego lime at a depth of 6,600 
ft. This well had a bottom-hole temperature of 140°F 
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and a bottom-hole pressure of 2,420 psi. Laboratory 
tests on core samples showed the formation had a solu- 
bility in acid of 93 to 96 per cent and a spending time 
of 4.1 minutes under treatment conditions of tempera- 
ture and pressure. Because of pressure limitations, the 
maximum injection rate attainable through the 2-in. 
tubing in the well was 8 bbl/min. Combining the injec- 
tion rate and the spending time showed that 1,400 gal 
of an acid solution with fiuid-loss-control properties 
should produce maximum formation penetration before 
spending. Calculations indicated that this volume of 
acid should produce a fracture area of 16,000 sq ft. 
Examination of the averaged productivity curve indi- 
cated that this should result in a 320 per cent increase. 


This well was actually completed using 500 gal of 
clean-up acid and tested at 3 to 4 bbl of oil per hour. 
The well was then treated with 1,500 gal of a fluid-loss- 
control acid. After initial flush return, production sta- 
bilized at about 11 bbl of oil per hour. This production 
increase substantiated the calculated productivity in- 
crease predicted for this treatment. 


Past completion procedures used in this area had em- 
ployed 5,000 to 10,000-gal acidizing treatments. There- 
fore, in an effort to determine if additional acid would 
increase production from this well, an additional 5,000 
gal of fluid-loss-control acid was injected, using the 
same treating conditions as on the previous job. No ad- 
ditional increase in production resulted from this treat- 
ment. 


WELL B 


This well, located in Midland County, Tex., was com- 
pleted in the Strawn lime at 11,000 ft. The formation 
had a bottom-hole temperature of 175°F and a bottom- 
hole pressure of 4,600 psi. Laboratory tests on core sam- 
ples showed the rock to be 99 per cent acid-soluble, 
with a spending time (under treatment conditions) of 
9 minutes. Additional tests, using a special slow-reacting 
acid, showed that this spending time could be increased 
to 54 minutes, Because of tubing limitations, the maxi- 
mum injection rate attainable was 5 1/3 bbl/min. Cal- 
culations indicated that maximum penetration before 
spending at this injection rate should be achieved by the 
use of 2,000 gal of conventional acid. Increased stimu- 
lation could be obtained by use of the slow-reacting 
acid, in which case maximum penetration should result 
from the use of 12,000 gal of acid. 


Tests on the well before acidizing showed no pro- 
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duction following perforation. After 360 gal of clean- 
up acid had been applied, the well produced at the rate 
of 27 BOPD. A treatment, consisting of 2,000 gal of 
hydrochloric acid, increased production to 53 BOPD. 
The operator decided to try another acid treatment, 
using 4,000 gal of acid, but this produced no additional 
production increase. At this time, 12,000 gal of the 
slow-reacting acid was applied in accordance with cal- 


culations, Following this treatment, the well produced 
84 BOPD. 


WELL C 


This gas well, located in McIntosh County, Okla., 
was completed in the Hunton group at a depth of 4,680 
ft. Bottom-hole temperature of this well was 120°F, and 
the bottom-hole pressure was 2,380 psi. 


This well was treated experimentally in three stages —_ 


to verify the accuracy of pre-planning techniques. The 
first two stages were designed to acidize naturally oc- 
curring fractures at less than formation parting pres- 
sure. Laboratory examination of core samples revealed 
that the formation was highly fractured. It was also de- 
termined that the rock was approximately 96 per cent 
soluble and had a spending time of 20 seconds under 
treatment conditions. Initial tests before stimulation 
showed a well production of 162 Mcf/D. 


From calculations based on assumptions described 
under “Type 2 — Acidizing Through Fractures (Low 
Pressure)”, it was estimated that a 500-gal acid treat- 
ment applied at an average injection rate of 4% bbl/min 
(to remain below parting pressure) should increase pro- 
duction to approximately 350 Mcf/D. Actual produc- 
tion following this treatment proved to be 362 Mcf/D. 

Calculations showed that additional acid at this in- 
jection rate should yield little additional benefit, A sec- 
ond 500-gal stage, applied under the same treatment 
conditions as the first, resulted in a production rate of 
382 Mcf/D. 

The third stage was designed to exceed formation 
parting pressure and was calculated in accordance with 
methods described in “Type 3 — “Acidizing Through 
Fractures (High Pressure)”. Laboratory tests showed 
that, under these treating conditions and assuming a 
fracture width of 0.1 in. under pressure, the spending 
time of conventional acid would be increased to 4.3 
minutes. Similarly, the use of a slow-reacting acid would 
prolong the spending time to one hour. It was estimated 
that the application of 5,000 gal of this acid should 
provide a fourfold increase in production. The treat- 
ment was conducted at an average injection rate of 4 
bbl/min, and resulted in a final production of 1,900 
Mef/D. 


CONCLUSIONS 


As a result of these studies, the following conclusions 
can be drawn. 


1. The benefits of an acidizing treatment are limited 
to the portion of the formation penetrated by the acid 
before spending. 


2. The injection rates necessary to obtain any appre- 
ciable unspent acid penetration into matrix pores or 
natural fractures will require excessive injection pres- 
sures. 


3. Acidizing treatments in tight formations at less 
than fracturing pressures will usually improve forma- 
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tion permeability only in the immediate vicinity of the 
wellbore. Such treatments are most applicable for over- 
coming formation damage in the critical area. 


4. Injecting acid at pressures sufficient to cause for- 


mation parting greatly increases unspent acid penetra- 
tion. 


5, Maximum acidizing efficiency can be attained by 
the use of low fluid-loss, low viscosity and slow spend- 
ing-time acids. 


6. Evaluation of the extent of unspent acid penetra- 
tion, in conjunction with productivity index data, per- 
mits selection of most economical treating conditions, _ 
based on comparative treatment costs and estimated 
payout times. 


7. This initial acidizing guide contains various as- 
sumptions, some of which may prove unwarranted. It 
provides, however, a fundamental approach to the prob- 
lem of acidizing treatment design that has long been 
needed by the industry. This is not considered the final 
answer to all acidizing problems, and constructive sug- 
gestions that might extend its scope and accuracy are 
welcomed. G 


NOMENCLATURE®* 


H = vertical fracture height, ft 

K, = formation permeability—darcies 

K, = fracture permeability—darcies 

Q, = formation flow capacity before fracturing 
Q 

r 


, = formation flow capacity after fracturing 
, = external well area boundary, ft 
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APPENDIX A 
RADIAL DISTANCE CALCULATION 


The radial distance traveled by the acid during its 
spending time may be calculated using the following 
equation. 


0:7 t 


where r, = distance acid will penetrate during its spend- 
ing time, ft, 
= fractional porosity, 
qi = acid injection rate per foot of formation, 
bbl/min, 
t = spending time, seconds, 
r.. = wellbore radius, ft, 
7.5 = conversion factor, gal/cu ft, and 


0.7 = conversion factor, gal/sec bbl/min. 


In deriving, the volume of acid injection into the 
formation is represented by 


vol. injected ie equiv. well- 
per ft height, — ft bore vol. 
P ft? per ft, ft’ 
or 
0.7) qi t 


By solving for r,, Eq. 1A will be obtained. 


CALCULATION FOR SPECIFIC SURFACE AREA 


The equation for the specific surface area of a for- 
mation can be represented by 


1 4 


where S, = specific surface area, —~ 
cm 


3 


K = formation permeability, darcies and 
F = formation resistivity factor, 

The formation factor can be related to porosity by’ 


where m = cementation factor which varies from 1.3 
for unconsolidated sands and oolitic lime- 
stones to 2.2 for hard, dense limestone. 

The permeability of a formation can be related to 

specific surface area by the Kozeny’ equation. 
610" 

where T = tortuosity of the formation. 

Using the expression for tortuosity as suggested by 

Cornell and Katz,* 

T =Fé¢, (6A) 
and substituting this equation into Eq. 5A for tortuosity, 


the equation for the specific surface area can be de- 
rived, 


(SA) 


x 


DFR 
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CALCULATIONS FOR TABLE 1 DATA 


The calculations for Table 1 were made using the 
Darcy equation for steady-state radial flow. This equa- 
tion is given by: 


(203.7) qupt 


(7A) 
AP Kh 
where AP = maximum pressure differential (psi) re- 
quired to inject the acid across the 
radial distance, r,, 
#2 = acid viscosity, cp, and 
h = injection interval, ft. 


The data in Table 1 were calculated under the fol- 
lowing conditions—(1) injection interval = 1 ft, (2) 
formation porosity = 20 per cent and (3) cementation 
factor = two, 


APPENDIX B 
EQUATIONS USED FOR TABLE 2 


The following equation was used to obtain the radial 
distance in a horizontal fracture penetrated by injected 
acid during its spending time. 


nw 


where qg; = acid injection rate, bbl/min, 
t = spending time, seconds, 
n = number of fractures, 
w = fracture width, cm, 
r, = distance acid penetrated in fracture, ft, and 
’. = wellbore radius, ft. 


Eq. 1B was developed by determining the radial dis- 
tance penetrated by the acid in a horizontal fracture at 
an injection rate (q;) during time (t). The equation 
may be expressed as 


Vol. of ve Vol. of 
fractures acid injected 


or 


By solving Eq. 2B for r, and substituting the neces- 
Sary conversion factors, Eq. 1B can be obtained. The 
change in fracture width due to acidization is neglected. 
Any increase in the fracture width would decrease the 
distance penetrated by the unspent acid because of the 
increase in fracture volume. An increase in fracture 
width would also change the area-volume relationship. 
This would increase the acid spending time, resulting in 
greater penetration. In very narrow fractures, the reac- 
tion rate will be very rapid. Because of this, it may be 
assumed that these two factors will offset each other. 


The maximum pressure drop required to inject the 
acid across a given radial distance was calculated by 
assuming that the equation presented by Lamb’® for the 
flow of a fluid between two plates is analogous to frac- 
ture flow and by expressing the equation in a form 
similar to the Darcy radial flow formula, 

X 10° (AP) 
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By substituting the necessary conversion factors, the 
final equation for the differential pressure is 


ry 


7.45 10% 
nw 
where AP = maximum differential pressure required to 
inject acid across radial distance r,, psi, 


(4B) 


p. = acid viscosity, cp 
Eq. 3B was obtained by substituting w for formation 
w X 10° 
12 
radial flow formula. Solving Eq. 3B for AP will give 


Eq. 4B. It is realized that this equation for permeabil- 
ity’ was developed for laminar fluid flow in a fracture 


thickness and for permeability in the Darcy 


containing smooth surfaces, thereby neglecting friction. 


Also, the additional pressure drop required for the 
change in kinetic energy of the fluid has been neg- 
_lected. Both of these factors would increase the pres- 
sure differential required for fluid penetration of the 
formation, which under ideal conditions (Table 2) is 
already excessively high in most cases. 


It was assumed, in connection with the spending time- 
specific surface area relationship in fractures, that the 
_ fracture surfaces were smooth. Under these conditions 
the equation for the specific surface area of a fracture 
can be expressed as 


(5B) 
Ww 


APPENDIX C 


Several authors””” have presented productivity curves 
which were obtained under various conditions. These 
curves do not agree as to the conductivity increase ex- 
pected for different horizontal fracture penetrations. 
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To obtain a representative curve, an average of the 
cited curves was taken in conjunction with the curve 
obtained using the following equation. 


In 
— ° ° ° ° ° (1C) 
Q. In 


This equation was obtained from the steady-state 
radial flow formula with the following conditions. 


1. No change is evident in the reservoir fluid viscos- 
ity, formation volume factor or reservoir pressure dif- 
ferential due to the fracturing treatment. 


2. The average permeability of the formation across 
the fractured portion can be expressed by 


(2C) 
h 
. 
3. The ratio Kh > 100, so 
1 
the term, Kaw +1 | in, can be neglected. 


4. Total flow capacity after fracture treatment will be 
equal to the sum of the flow capacities across the trac- 
tured and unfractured portions of the formation. 

The resulting curves can be seen in Fig, 1. 

Van Poollen” and Dyes, et al,” have presented curves 
representing the expected production increase for differ- 
ent vertical fracture penetrations. : : 

The curve in Fig. 2 was obtained by averaging the 
curve presented by Van Poollen for a vertical fracture 


Ke 
having a conductivity ( a , of 10° with the curve 


presented by Dyes, et al, for a vertical fracture having 
infinite capacity. 
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ABSTRACT 


Procedures have been developed to study the per- 
formance characteristics of unconfined pilot water 
floods using scaled laboratory models. The effects of 
operating conditions on pilot performance for various 
well patterns have been investigated. The limitations 
of the laboratory model studies are outlined. 


Relationships between the oil recoveries of pilots and 
large-scale floods have been established. The applica- 
tions of model studies to the prediction of large-scale 
waterflood performance and pilot flood design are dis- 
cussed. 


EN FRO DUCTION 


Pilot water floods are undertaken to evaluate opera- 
tional procedures and to gain advance information 
about the performance of an extensive water flood. In 
general, however, the performance of a pilot flood is 
not directly indicative of what can be expected from a 
large-scale pattern water flood. This difference stems 
from the fact that the over-all flow configurations are 
not the same for the two systems. 


A water flood normally consists of an array of iden- 
tical well patterns. In such an array, the perimeters of 
the well patterns are axes of symmetry and act as im- 
permeable boundaries. Thus, an extensive, pattern water 
flood can be visualized as a repetition of “confined” 
floods. In contrast, a pilot water flood involving only 
one or a few well patterns is “unconfined”. Here the 
well patterns are not balanced by other flood units; 
hence, the perimeter of the pilot area does not act as 
an effective boundary. Accordingly, only a portion of 
the fluids injected (and also of those originally con- 
tained within the pilot area) is captured by the pro- 
ducers of the pilot. The rest escapes into the surround- 
ing reservoir. This usually causes the amounts of oil 
and water produced in the pilot to be different from 
those recovered by a producer in an extensive water 
flood, Moreover, the recovery observed in the pilot can 
be expected to be greatly influenced by operating con- 
ditions, i.e., by the bottom-hole pressures at the injec- 
tion and producing wells. 


The above considerations show that full utilization 
of pilot test results and reliable prediction of large- 
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scale water floods require a knowledge of the relation- 
ship between the recovery performance of confined and 
unconfined well patterns. 

To date, only limited basic information is available 
on the behavior of pilot water floods. Craig, et al,’ have 
investigated the effects of initial gas saturation, oil-to- 
water mobility ratio, and well damage on the oil re- 
covered from a single, “normal” five-spot pilot pattern 
(Fig. 1). Rosenbaum and Matthews’ studied the ef- 
fect of initial gas saturation and mobility ratio on the 
ratio of production rate to injection rate for various 
groupings of five-spot patterns. Paulsell’ investigated the 
effect of mobility ratio and distance from the pilot to 
the edge of the reservoir on the areal sweep in a sin- 
gle “inverted” five-spot (Fig. 1). However, none of 
these studies considered the effect of operating condi- 
tions on pilot flood behavior. Moreover, hardly any of 
the work to date dealt explicitly with the oil-recovery 
performance of the pilot floods. The purpose of this 
paper is to introduce the concept of interrelation be- 
tween pilot flood behavior and operating conditions, to 
illustrate this interrelation by means of experimental 
data and to compare the recovery performances of dif- 
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ferent pilot patterns with those of confined or full-scale 
floods. 


The work presented is based on potentiometric and 
flow model experiments. Four different pilot patterns, 
illustrated in Fig. 1, have been examined—a group of 
four inverted five-spots, six inverted four-spots, a sin- 
gle inverted five-spot and a single normal five-spot. The 
ratio of well diameter to distance between injection and 
producing wells was chosen to be 1:1,000 for all pat- 
terns. The present studies pertain to reservoirs contain- 
ing fully penetrating wells and consisting of a homo- 
geneous, isotropic formation of uniform thickness. In 
all cases the simulated reservoir was assumed to be par- 
tially depleted, containing a uniformly distributed free 
gas saturation at the start of the flood and having an 
oil-water mobility ratio of unity. (In practice, this lat- 


ter situation corresponds, within a reasonable approxi-—_ 


mation, to water floods where the oil-to-water viscosity 
ratio ranges from 3:1 to 10:1.) 


BACKGROUND AND PROCEDURES 
THEORETICAL CONSIDERATIONS 


Previous investigations have shown that the displace- 
ment of oil by water from a porous medium containing 
- a continuous gas phase results in the formation of two 

distinct fluid-saturation profiles — an oil bank followed 
by-a water bank, moving in sequence throughout the 
flow system, as schematically illustrated in Fig, 2.* The 
pressure gradient ahead of the oil bank is so small that 
it can usually be neglected. Furthermore, if the pres- 
suretevel initially existing in the flow system is suffi- 
ciently low (compared with the pressure build-up gen- 
erated by the water flood), the gas saturation trapped 
behind the oil bank will be greatly reduced by com- 
pression and solution. 


The above mechanistic picture applies with a reason- 
able approximation to pilot floods in reservoirs exhibit- 
ing a fairly high gas saturation and relatively low pres- 
sure. Under such conditions, the development of a 
pilot flood may be visualized as the growth of a dual, 


water-oil flow system as illustrated in Fig. 3A through _ 


3C. 

The important characteristic of this flow system is 
that its expanding boundary — the leading edge of the 
oil bank — always represents an isopotential contour 
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along which the pressure remains equal to the static 
reservoir pressure. Thus, during the early flooding stages 
the oil and water banks can be expected to move out 
radially from the injection wells, as shown in Fig. 3A. 

Fig. 3B illustrates the configuration of the flow 
system at-a somewhat later stage, when the oil bank is 
just reaching the center producing well. At this mo- 
ment of “gas fill-up”, the boundary of the flow system 
is beginning to extend beyond the perimeter of the pilot 
area. This indicates that some of the oil originally con- 
tained in the pilot area has already been pushed out 
into the surrounding reservoir. As the flood proceeds, 
the oil bank moves farther out and some of the injected 
water also begins to escape by by-passing the producers 
of the pilot, as indicated by Fig. 3C. 

Thus, the significant feature of an unconfined pilot 
flood lies in the competition between the producers of 
the pilot and the surrounding reservoir for the flow of 
oil and water. For a given static reservoir pressure, p,, 
(at the liquid boundary) the total flow from the pilot 
area toward the surrounding reservoir tends to increase 
as the sand-face injection pressure, p,;, increases. Con- 
versely, the lower the flowing bottom-hole pressure, p,,,, 
at the producing wells, the more effectively they can 
compete with the surrounding reservoir and the more 
fluids they will capture. This reasoning can be extended 
to show that, for a given porous medium and fluid sys- 
tem, the behavior of an unconfined pilot water flood 
is governed by the dimensionless pressure parameter, 


Pwi — Ps AP; 

This pressure parameter, expressing the ratio of the 
pressure drawdown at the producing wells to the pres- 
sure build-up at the injection wells (relative to the 
static reservoir pressure), is defined as the “z-ratio”. 

The z-ratio represents a scaling coefficient on the 
basis of which the behavior of pilot water floods can be 
simulated in laboratory models. Proper scaling requires 
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that this coefficient possess the same value in the model 
as in the field; i.e., 


In addition, it is necessary that the initial fluid satura- 
tions and the geometry of the field, including well dis- 
tribution, well penetration and ratio of well diameter to 
well spacing, be reproduced in the model. Under such 
conditions, the distribution of total (oil and water) flow 
rates will be the same for model and field. 


In further explanation of the above scaling criteria, 
(1) the effects of capillarity and gravity are considered 
to be negligible; (2) the water-oil flow system is con- 
sidered to be totally incompressible, while assuming in- 
stantaneous solution and compression of the gas phase 
at the leading edge of the oil bank; and (3) the effects, 
resulting from the possible superposition of internal gas 
drive to the water-oil displacement mechanism in the 
course of a pilot test, are not taken into consideration. 


EXPERIMENTAL APPROACH 


Applying the above scaling criteria, experiments sim- 
ulating pilot floods were conducted in potentiometric 
and flow models for different unconfined well patterns 
and various operating conditions. The results of these 
unconfined floods were then compared to those of con- 
fined water floods. 


The flow model used for both pilot and confined tests 
consisted of a metal box, 3-ft square and 1-in. deep, 
tightly packed with oil-wet glass beads. The permeabil- 
ity of the pack was about 10 darcies. The manner in 
which the four pilot patterns examined in these studies 
were simulated in the flow model is illustrated in Fig. 
1. For reasons of symmetry, it was sufficient to repre- 
sent one-quarter of each pilot pattern, as indicated by 
the cross-hatched areas in Fig. 1. In each case, the 
flow escaping from the pilot area was simulated by 
withdrawing fluids through the rows of wells located 
along the two sides of the model opposite the well pat- 
tern under consideration, All the flow model experi- 
ments were conducted with the same fluid system, yield- 
ing an average oil-to-water mobility ratio of 1:1. 


The simulation of a pilot water flood in a depleted 
reservoir requires that the flow model be saturated in- 
itially with oil and gas and then operated to reproduce 
properly the dissipation of the gas phase. Preliminary 
tests performed in this manner provided information 
about the configuration of the fluid banks and the fluid 
escape from the pilot pattern. However, the mainte- 
nance of adequate experimental control was extremely 
difficult in the course of such three-phase flooding ex- 
periments. In view of these difficulties, an alternate pro- 
cedure involving a sequence of potentiometric model 
studies and two-phase (water-oil) flow model tests was 
substituted. 


The expanding boundary of the water-oil flow sys- 
tem at successive flooding stages was simulated in a 
potentiometric model by using a series of isopotential 
boundary sheets around the pilot pattern. The shapes 
of the isopotential sheets were made to conform to 
those of the leading edge of the oil bank observed in 
the preliminary three-phase flow model studies. 


The potentiometric model tests gave total liquid pro- 
duction rates and the rate of fluid escape from the 
pilot pattern for various positions of the oil bank. The 
position of the oil bank was related to cumulative in- 
jection by the procedure described by Rosenbaum and 
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Matthews.” The resulting relationships of total liquid 
production and fluid escape as a function of cumulative 
injection were then matched in two-phase flow model 
experiments in which the oil recovery of the unconfined 
pilot pattern was studied in detail. 


ILLUSTRATION OF PILOT FLOOD 
PERFORMANCE 


To illustrate the typical features of unconfined pilots, 
the data obtained on the four S-spot pilot pattern are 
described in some detail. Operating conditions are de- 
fined in each case by specifying the value of the z-ratio. 
All the data were obtained simulating a “gas dissipa- 
tion” equal to 15 per cent pore volume.* The displace- 
ment factor, as defined by Rosenbaum and Matthews,” 
is 6.0 for our experiments. Thus, the data are directly 
applicable to any reservoir having this value of the dis- 
placement factor. All fluid volumes are expressed in 
terms of reservoir conditions. 


FLuIp ESCAPE—PRODUCTION FACTOR 


The escape of fluids from a four 5-spot pilot into the 
surrounding reservoir is illustrated in Fig. 4. The figure 
shows the relationship between cumulative injection and 
total liquid production at different z-ratios for the en- 
tire pilot and for the individual wells. Cumulative in- 
jection and total liquid production are expressed as 
fractions of the pore volume within the four 5-spot pat- 
tern, Similar data for a confined water flood are in- 
cluded for comparison. 

In all cases, no liquids are produced until fill-up of 
the gas space has been achieved. This would require 
a cumulative water injection of 15 per cent of pore vol- 
ume in the case of the confined flood, while a cumu- 


*In using a gas dissipation of 15 per cent pore volume, it was 
assumed that 8 per cent of pore volume of gus is displaced ahearl 
of the oil bank, and 7 per cent pore volume is cempressed and 
dissolved within the leading edge of the oil bank. The rest of the 
initial gas saturation remains in the form of a separate phase in 
the water-invaded zone of the reservoir (see Fig. 2). 
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lative injection of 17 per cent of pore volume is re- 
quired to achieve first response at the center well of 
the unconfined four 5-spot pilot. This result is a direct 
consequence of the movement of the oil bank beyond 
the perimeter of the pilot pattern at the time of first 
response (see Fig. 3). 

After gas fill-up, the amount of liquids produced in 
the confined water flood is equal to the amount of 
water injected. However, in the unconfined pilot, the 
total liquid production after gas fill-up amounts on the 
average to only about 35 per cent of the cumulative in- 
jection for a z-ratio of zero. This total liquid produc- 
tion increases to about 75 per cent of the cumulative 
injection as the z-ratio increases to 0.22 and to nearly 
95 per cent when the z-ratio becomes equal to 0.34. 


In obtaining the above percentages, the total liquid_ 


productions are expressed as per cent of cumulative 
injection after the moment of gas fill-up. These per- 
centages were computed at a total liquid production 
of 1.5 pore volumes. The ratio of cumulative total 
liquid production to cumulative injection defined in 
this manner may be called the “‘production factor”. 
Utilization of this arbitrary factor is convenient for 
comparing the total liquid production performance of 
unconfined pilot water floods. 


The total flow characteristics of two different types 
of producing wells in the pilot pattern, the center well 
and a corner well, are illustrated by the lower group 
of curves in Fig. 4.* On the average, the total liquid 
production of the center well varies from 7 to 13 per 
cent of the cumulative water injection into the entire 
pilot as z varies from zero to 0.34. On the other hand, 
the total liquid production of a corner well varies from 
3 to 10 per cent of the total cumulative water injection 
as 7 varies from zero to 0.34. 


OIL-RECOVERY PERFORMANCE 


The oil-recovery performance of the four 5-spot 
pilot pattern for three sets of operating conditions, 
together with that of a confined water flood, is illus- 
trated in Fig. 5. In this figure, oil recoveries are plotted 
as functions of cumulative total liquid production 
rather than cumulative injection. In this manner, the 
oil recovered from the unconfined pilot pattern is cor- 
related more directly wih the amount of water which 
actually sweeps oil toward the producing wells. 

Fig. 5 shows that the oil-recovery performance of 
the four 5-spot pilot pattern is greatly influenced by 
operating conditions. For low values of the z-ratio, the 
oil recovery from the unconfined pilot is considerably 
smaller than that of the confined water flood, On the 
average, past the initial flooding stages, the oil recovery 
of the four 5-spot pilot amounts to about 55 per cent 
of that of the confined water flood for a z-ratio of zero 
and increases to 102 per cent when the z-ratio is in- 
creased to 0.22. However, for a sufficiently high value 
of the z-ratio (for 7 = 0.34), the oil recovery of the 
unconfined pilot exceeds that of a confined water flood 
by 39 per cent in relative value. As will be seen in the 
following section, this occurs because the area supplying 
oil to the pilot producers actually extends beyond the 
perimeter of the pilot area. 

The oil recovery of the center well is practically 


*For ease of presentation, the data on the side wells have been 
deleted. On the average, the total liquid production of the side wells 
is about lo per cent greater in relative value than that of the cor- 


ner wells. 
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independent of the z-ratio (thus, only one curve is 
shown on Fig. 5), while the recovery of the corner 
and side producers of the pilot is greatly influenced by 
operating conditions. Also, the center well receives con- 
siderably more oil than each of the corner producers. 
(The oil-recovery performance of the side producers, 
not included in Fig. 5, is intermediate between those 
of the corner and center wells.) This results because 
the center well receives essentially all of the oil moving 


in its direction, while a portion of the oil moving 


toward the side and corner producers can escape into 
the surrounding reservoir, particularly when the pilot 
is operated at low z-ratios. 


AREAL RECOVERY FACTORS 

For purposes of more detailed interpretation and to 
permit broader application of the model data, it is 
useful to introduce the concept of “areal recovery 
factor”, F, defined as the area which supplies oil to the 
pilot producers divided by the basic pilot pattern area. 

The practical significance of the areal recovery factor 
stems from the fact that the difference in recovery 
behavior between confined and unconfined floods is 
largely attributable to the difference in the areas which 
actually contribute to the waterflood oil recovery. Thus, 
consideration of the areal recovery factor provides a 
convenient basis for the correlation of confined and 
unconfined waterflood recoveries. 

Fig. 6 shows the difference between the basic area 
of the four 5-spot pilot pattern and the area from which 
oil is actually swept toward the producing wells at 
operating conditions corresponding to z-ratios of zero 
and 0.34. If the recoveries and the cumulative liquid 
production of the pilot were expressed in terms of the 
pore volume associated with this swept area (rather 
than in terms of the pore volume of the pilot pattern 
area), the oil-recovery curve of the pilot flood would 
be essentially the same as that of the confined flood. 
Conversely, knowing the recovery curves of a confined 
and an unconfined flood, it should be possible to eval- 
uate the areal recovery factor. This can be done by 
determining the ratio by which the values of both 
recovery and corresponding cumulative liquid produc- 
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tion for the unconfined pilot should be increased (or 
reduced) to make the pilot recovery curve coincide 
with that of the confined flood. The above statements 
assume that (1) the limiting streamlines defining the 
contour of the area supplying oil to the producing 
well are equivalent to impermeable boundaries and (2) 
the recovery performance of confined, areal water floods 
is not greatly influenced by the shape of the boundaries. 


The areal recovery factor can be derived from the 
recovery data obtained in the model experiments by a 
simple graphical procedure, illustrated in Fig. 7. As 
shown in this figure, a series of straight lines radiating 
from the origin, L, are constructed, Each of these lines 
intercepts the pilot recovery curve at a point, M (asso- 
ciated with a recovery, N,,, and a cumulative total 
liquid production, Q,,,), and the confined waterflood 
recovery curve at a point, R (associated with a re- 
covery, N,., and a cumulative production, Q,,.). The 


areal recovery factor for any given value of cumulative 
liquid production, Q,,, is then simply defined as the 
ratio, 

LM 


The outlined procedure has been employed to obtain 
the relationships between areal recovery factor and 
cumulative liquid production (after the moment of 
water breakthrough) for the group of four 5-spots at 
z-ratios of zero, 0.22 and 0.34. These relationships are 
shown in Fig. 8. As may be seen, F increases in each 
case quite rapidly right after the moment of water 
breakthrough. However, it is important to note that the 
variations of the areal recovery factor occur within 
a relatively short period of the pilot flood history 
(approximately 0.2 pore volume cumulative liquid 
production) and that F becomes practically constant 
thereafter. Moreover, relative to the “terminal” value 
of F, the initial variations of the areal recovery factor 
are seen to be fairly small (approximately 30 per cent). 
This means that the recovery performance of an uncon- 
fined pilot operated at a given z-ratio can be related 
approximately to that of a confined flood on the basis 
of a single terminal value of the areal recovery factor. 
In the case of the four 5-spot pilot, these terminal 
recovery factor values are 0.49, 1.02 and 1.40 for the 
m-ratios of zero, 0.22 and 0.34, respectively. These 
values of areal recovery factor can be interpreted as 


representing a simple, relative measure of pilot flood 
behavior. 
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COMPARISON OF PILOT PERFORMANCE 
CHARACTERISTICS 


PRODUCTION AND AREAL 
RECOVERY FACTORS 

To interpret the difference in behavoir of the various 
pilot patterns, it is useful to consider the type of well 
pattern in the pilot. Pilot patterns can be classed as 
normal or inverted. Normal pilot patterns have injec- 
tion wells on the periphery while inverted patterns have 
producing wells on the periphery. (See Fig. 1.) 

A general perspective of the effect of operating con- 
ditions on the behavior of pilot floods in different pat- 
terns can be obtained by correlating operating condi- 
tions with the production factors and the terminal 
areal recovery factors defined in the preceding sections. 
These correlations are shown in Figs. 9 and 10. The 
trend indicated in the figures is that both the produc- 
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uon factor and the areal recovery factor increase with 
increasing values of 7z-ratio. 


The single normal 5-spot has a much lower produc- 
tion factor than the three inverted patterns over the 
range of z-ratios studied. This seems reasonable be- 
cause one would expect more fluid escape from a 
pattern having peripheral injection wells than from a 
pattern having peripheral production wells. 


The areal recovery factor for the normal five-spot is 
approximately one within the range of z-ratios studied. 
On the other hand, the three inverted patterns have 
small areal recovery factors at low z-ratios and large 
areal recovery factors at high z-ratios. 


Figs. 9 and 10 also show clearly the differences in 
the sensitivities of the various pilot patterns. The pat- 
tern seen to be the least sensitive to operating condi- 
tions is the single normal five-spot. For this pattern, 
the areal recovery factor varies 20 per cent in relative 
value as 7 increases from zero to 0.5, while the corre- 
sponding variation of the production factor is about 140 
per cent. This behavior is in sharp contrast with that 
of the single inverted five-spot. Here, the areal recovery 
factor increases by almost 900 per cent and the pro- 
duction factor by about 300 per cent as z varies from 
zero to 0.28. The sensitivity to operating conditions of 
_the two multiple, inverted patterns lies between these 
' two extremes. The grouping of six 4-spots is somewhat 
less sensitive than the four 5-spot pilot. 

In summary, normal pilot patterns have relatively 
small production factors and relatively large areal 
recovery factors which do not vary sizeably with 
operating conditions. Inverted pilot patterns have pro- 
duction factors and areal recovery factors which do 
vary appreciably with operating conditions. The produc- 
tion factor is relatively large, and the areal recovery 
factor ranges from small to large as the z-ratio 
increases. 

Although a multiple, normal pilot pattern has not 
been studied, the following generalizations seem rea- 
sonable from available data. The differences between 
inverted pilot patterns and normal pilot patterns de- 
crease as the number of well patterns increase. Also, 
for either type of pattern the sensitivity to operating 
conditions decreases as the number of well patterns 
increases. This is particularly apparent for inverted 
patterns. 
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APPLICATIONS AND DISCUSSION 


One of the main purposes of pilot water floods is to 
obtain advance knowledge about the performance of a 
large-scale waterflood development. Thus, it is neces- 
sary to have reliable means for interpreting the infor- 
mation obtained during the pilot test. An additional 
general requirement is that this information should be 
obtained in the shortest possible time or at minimum 
cost. The results of the laboratory model studies can 
provide a basis for attaining these objectives. 


PREDICTION OF LARGE-SCALE WATERFLOOD BEHAVIOR 


This problem amounts to establishing the relationship 
between oil recovery and cumulative injection for a 
confined water flood when this relationship is known 
for a pilot flood. The approach suggested for solving 
this problem consists of correlating the confined and 
pilot recovery curves obtained in the model experiments 
and of using this “model correlation” to construct the 
confined field, waterflood recovery curve from the 
recovery curve obtained from the field pilot. 

The recovery behavior of confined and pilot water 
floods differs for two reasons: (1) only a certain frac- 
tion of the injection water actually sweeps oil toward 
the pilot producing wells because fluids can escape 
from the pilot pattern, while all the injection water 
sweeps oil toward confined producing wells; and (2) 
the reservoir area supplying oil to the pilot producing 
wells is different from that supplying oil to confined 
producing wells. To predict confined waterflood oil 
recovery from field pilot recovery performance, it is 
necessary to adjust the pilot recovery curve for these 
two factors. The influence of fluid escape from the pilot 
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pattern can be eliminated from the field pilot recovery 
curve by relating oil recovery to total liquid preduction 
rather than to cumulative injection. Application of this 
first normalizing step also eliminates the differences be- 
tween the unconfined and confined waterflood recoveries 
caused by differences in gas fill-up space, To adjust for 
the second difference, the areal recovery factor deter- 
mined from model studies can be applied to the field 
pilot recovery. Given a specific recovery curve of a 
field pilot flood conducted at a certain z-ratio, the 
confined waterflood recovery curve is obtained by divid- 
ing all the pilot recoveries and the associated values of 
cumulative total liquid production by the appropriate 
areal recovery factor, F. 

This outlined prediction method is based on the 
consideration of terminal values of areal recovery fac- 
tor. Thus, the variations of F with cumulative total 
liquid production are considered to be insignificant 
(Fig. 8). The use of this approximation introduces 
some error into the evaluation of the confined recovery 
behavior. However, the error introduced alters the 
predicted flooding behavior only in the flooding stage 
immediately following water breakthrough and is not 
believed to be serious. 


The prediction of confined waterflood recovery from 
the recovery of a pilot flood is based on the correla- 
tion of areal recovery factor with z-ratio. In practice 
this may lead to some difficulties because a knowledge 
of the z-ratio applying to a field pilot test requires 
accurate measurement and control of the flowing bot- 
tom-hole pressures at the injection and producing wells. 
However, for each pilot pattern there is a unique corre- 
lation between the z-ratio, the areal recovery factor 
and the production factor. Thus, by combination of 
Figs. 9 and 10, the areal recovery factor can be ex- 
pressed directly as a function of the ratio of total liquid 
production to cumulative injection. Control and meas- 
urement of this production factor may prove more con- 
venient than that of flowing bottom-hole pressures, 


PILOT WATERFLOOD DESIGN CONSIDERATIONS 


The results presented in this paper can be used to 
design a pilot to meet specific objectives. In designing a 
pilot water flood, it is first necessary to decide upon 
the type and number of well patterns to be used. Then, 
the pilot operating conditions must be selected. 


In deciding upon the type and number of well pat- 
terns in the pilot, the main factors to be considered are 
cost and accuracy of interpretation. To keep the cost 
low, a single inverted five-spot could be used so that 
the number of wells and the quantity of injected water 
can be kept small. Accuracy of pilot interpretation can 
be improved by increasing the pilot size and by using 
a normal well pattern. Since lowest cost is achieved 
by using a small inverted pattern and highest accuracy 
is obtained by using a large pilot with a normal well 
pattern, a compromise is necessary in selecting the 
type and size of pilot to be used for a particular case. 


In selecting pilot operating conditions, the factors to 
consider are oil recovery and flood-out time, Because 
the oil recovery increases with increasing values of the 
m-Tatio, it might appear desirable to operate a pilot 
flood at the highest possible z-ratio. This implies main- 
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taining the maximum pressure drawdown at the pro- 
ducing wells while imposing the lowest possible injec- 
tion pressure. However, this latter condition is con- 
trary to the attainment of minimum flood-out time, 
which is usually desired in pilot operations. Such 
requirement calls for the highest possible rate of fluid 
production which, in turn, implies high rates of injec- 
tion and, hence, the imposition of a large injection 
pressure build-up. Thus, in selecting the operating 
conditions for a pilot water flood, it is necessary to 
decide on a compromise between flood-out time and 
oil-recovery efficiency. 

Pilot floods conducted in entirely pressure-depleted 
reservoirs will be relatively inefficient. The low pressure 
in a depleted reservoir precludes any appreciable pres- 
sure drawdown at the producing wells. This makes it 
impossible to attain high rates of fluid production 
without imposing a high injection pressure and, there- 
by, decreasing the z-ratio to a very low value. This, in 
turn, leads to relatively low recoveries. 


CONCLUSIONS 


1. Theoretical considerations have shown that the 
behavior of an unconfined pilot water flood can be 
characterized or scaled on the basis of a dimensionless 
pressure parameter, the z-ratio. This pressure para- 
meter defines the operating conditions by expressing 
the ratio of the pressure drawdown at the producing 
wells to the pressure build-up at the injection wells 
relative to the initial (static) reservoir pressure. 

2. Potentiometric and flow model experiments have 
shown that the behavior of pilot floods is greatly in- 
fluenced by operating conditions. 

3. The total fluid production and the oil-recovery 
performances of four different pilot patterns have been 
compared. In all cases, the oil recovery and the total 
fluid production relative to cumulative injection were 
found to increase with increasing values of the z-ratio. 
Of the pilot patterns studied to date, the single normal 
five-spot was found less sensitive to operating condi- 
tions. 

4. A procedure based upon the use of areal recovery 
factors has been developed to predict the recovery of a 
large-scale waterflood development from pilot test 
results. 
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The use of a partial monolayer of propping agent to 
obtain a high flow capacity for a hydraulically induced 
fracture is discussed. From the results of laboratory 
work it was shown that a modified form of the Kozeny- 
Carman relation could be used to describe the flow in 
the partial monolayer propped fracture. With equations 
presented in the paper, the density pattern of the prop- 
ping agent (number of particles per unit of fracture-sur- 
face) that results in the maximum flow capacity for the 
fracture can be determined. The maximum flow ca- 
pacity obtained with a partial monolayer is often an or- 
der of magnitude greater than the flow capacity ob- 
tained in greater width fractures containing multilayers 
of the propping agent. 


INTRODUCTION 


One of the predominant factors controlling the suc- 
cess of a hydraulic fracturing operation is the propping 
of the fracture. The trend in hydraulic fracturing re- 
cently has been an increase in the ratio of propping 
agent-to-fluid. The primary purpose of this increased 
ratio is to sustain a propped fracture of greater width. 
It was shown in a recent study’ that for some forma- 
tions low concentrations of propping agent would re- 
sult in “closing” or “healing” of the fracture. In some 
cases, in an effort to insure sufficient propping agent 
concentration, the fracturing operation is designed to 
obtain a pack of the propping agent in the fracture. The 
placing of a pack of propping agent in the fracture pro- 
vides a fracture of maximum width; however, the width 
alone does not control the flow capacity of the fracture. 
The flow capacity is dependent on the permeability of 
the fracture, as well as the fracture width. Thus, in- 
creasing the permeability to obtain larger flow capacities 
is as important as obtaining a greater width fracture. 


Original manuscript received in Society of Petroleum Engineers 
office Oct. 4, 1959. Paper presented at 34th Annual Fall Meeting of 
SPE, Oct. 4-7, 1959, in Dallas. 

1References given at end of paper. 

Discussion of this and all following technical papers is invited. 
Discussion in writing (three copies) may be sent to the office of 
the Journal of Petroleum Technology. Any discussion offered after 
Dec, 31, 1960, should be in the form of a new paper. 


VOL. 219, 1960 


GULF RESEARCH & DEVELOPMENT CO. 
PITTSBURGH, PA. 


By increasing the concentration and particle diameter 
of the propping agent, fractures of sufficient flow ca- 
pacities are obtainable for effective well stimulation in 
a number of formations. However, in some of the re- 
covery techniques, the fracture capacity obtained by 
commonly used practices in fracturing is inadequate. 
One such recovery technique is gravity drainage via a 
horizontal fracture placed near the base of the produc- 
tive zone. For this recovery technique, the fracture ca- 
pacity desired is usually one to two orders of magnitude 
greater than the fracture capacity normally obtained in 
fractures propped with the size of sand commonly used 
(20-40 mesh). By the use of particles of larger diam- 
eter, the permeability of a pack” is increased; however, 
even a multilayer pack results in a fracture flow capacity 
lower than that desired for some formations. For ex- 
ample, a fracture of %4-in. width, packed with 8-12 
mesh sand of about 2,000 darcies permeability, would 
result in a fracture flow capacity (permeability x frac- 
ture width) of only 40,000 md-ft. If the fracture flow 
capacity needed is an order of magnitude greater than 
that cited in the example, an approach different from 
the formation of a pack in the fracture is needed. One 
approach is a partial monolayer of large-diameter prop- 
ping agent. In working with this type of fracture sys- 
tem, it was found that the flow problems were unique 
to the system; therefore, the study discussed in this 
paper was made. 


THEORY AND RELATED STUDIES 


Previous studies, although related to that described 
in this paper, have not pertained directly to the flow in 
a fracture propped with a partial monolayer of prop- 
ping agent. However, studies such as flow between 
parallel plates,’ flow in packed columns,’ fracture flow 
capacity’ and flow in simulated fractures”™ reduce the 
scope of this flow problem considerably. A fracture 
propped with a partial monolayer of propping agent 
may be considered to be between two extremes — be- 
tween an open fracture and a bed of particles packed 
in a conduit of fracture geometry. Thus, it seems ap- 
propriate to review the extreme cases. 
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patte-ROPPED FRACTURE 
© From the work of Lamb’ and Darcy,’ Muskat’ showed 
that the permeability of an open fracture may be de- 
scribed by 
12 

where k = permeability* and 

W, = fracture width. 
With W, expressed in inches, the fracture flow capacity 
(kW,) in terms of millidarcy-feet is 

Although Eq. 1 was originally based on equations for 
flow between parallel plates, it was shown in a later 
study’ that the equation was valid for a system of rough 
surfaces approaching fracture geometry, provided the 
nature of flow was laminar. 


(1) 


PACKED FRACTURE 


In the case of a fracture in which there exists a mul- 
tilayer pack of the propping agent, the Kozeny-Carman* 
relation may be used to estimate the permeability. This 
relation may be expressed as 


©) 
where ¢ = porosity, 
C = Kozeny-Carman constant, and 
= area of particle surface per unit volume of 


packed space.** 
By the work of Carman, it was shown that 


( L ) (4) 
where C, = shape factor for flow in a particular cross 
section, a value of about 2.5 for a bed 
of spheres, 


L,. = apparent length of path taken by fluid in 
traversing L length in bed, and 


L = length of bed or porous medium. 
It was also suggested by Carman that ( =) should be 


about two for unconsolidated porous media; thus C 
should have a value of five. Wyllie and Gregory’ showed 


that the quantity (=) was dependent upon the shape 


of particles in the bed; however, this work as well as 
that of Rose and Bruce” showed that five was an accep- 
table value of C for an unconsolidated porous system. 
Thus, if C is assigned a value of five and W, and S 
are expressed in inches, the fracture flow capacity 
(md-ft) as obtained with Eq. 3 may be expressed as 


W 
(kKW,) 


PARTIAL MONOLAYER 


In reviewing Eqs. 2 and 5 and the system of a frac- 
ture propped with a partial monolayer of the propping 
agent, it becomes evident that neither equation is di- 
rectly applicable to the system. Naturally, Eq, 2 is 
limited to total or 100 per cent porosity. In Eq. 5, 


abe Wy is expressed in centimeters, i: = darcies. 
_ “*Is S is expressed in em?/em*, i: in darcies = 1.01325 < 108 X Is 
in em?, 


32 


neither the surface area per unit volume of the bed 
nor the porosity, as exhibited in a bed of particles, can 
be used without modification to describe a partial mono- 
layer of particles in the fracture. 

The primary reasons that Eq. 5 does not apply per se 
are the surface area of the fracture and the embedment 
of the propping agent in the formation manifested by 
the fracture’s tendency to “heal”, or “close”, under the 
overburden load. Both of these factors need to be con- 
sidered in determining the surface area described in 
Eq. 5. Because of the embedment of the propping agent, 
neither the total surface area of the fracture nor that 
of the propping agent particles is wetted by the fluid 
contained within the fracture. This can best be illus- 
trated by referring to Fig. 1. For unit area (square 
inches) of fracture surface (one face), the surface area 
of the fracture wetted (two surfaces), A,, is 


2 

where n = number of propping agent particles per 

square inch of fracture surface (one 

face) and 
diameter of the impression made during 

embedment. 
Based on the same unit area of fracture surface, the 
wetted area of the propping agent particles, A,, is 

where h = depth of embedment and 
D = diameter of propping agent particle. 


(6) 


2 


d 


By the geometry of embedment shown in Fig. 1, 


D— W, 
h 5 (8) 
Substituting Eq. 8 for h in Eq 7 results in 


By adding Eqs. 6 and 9, the total wetted area, A,,, per 
square inch of fracture surface (one face) is 


nid 


At this point in working with Eq. 10 and the term 
S in Eq. 5, the experimental data would not permit bas- 
ing the wetted area on the volume of the fracure as 
would be expeced in a bed of particles. After numerous 
attempts, the most satisfactory correlation obtained 
(shown later) is one based on the volume of the prop- 


. 


SPHERICAL PROPPING 
AGENT PARTICLE 


Fic. 1—Grometry or EmpepMent. 
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ping agent particles actually contained between the 
fracture faces. In Fig. 1, the volume v, of a propping 
agent particle (sphere) contained between two planes 
formed by the fracture faces is 


2h 


By re-arranging Eq. 11, the volume of the propping 
agent, V,, per unit area of fracture surface (one face) 
is 


ni 


By dividing Eq 10 by Eq. 12, the wetted surface area 

per unit volume of propping agent contained between 
the fracture faces, Sp, is obtained; i.e., 

Aw 

(13) 

In obtaining a value for the porosity of the partial 

monolayer, it is necessary to consider the embedment 

of the propping agent in a manner similar to that pre- 

viously discussed. By establishing the volumes on a unit 

fracture area basis, the porosity of a partial monolayer, 


dp, iS 


f 


To obtain the final form of the flow capacity equation, 
Eqs. 13 and 14 are substituted in Eq. 5 for S and 4, 
respectively. To keep the equation in its simplest form, 
it suffices to write 


W, or 


= 1.1 X 10" 


‘Sy (1 = 


EXPERIMENTAL METHODS 
DESCRIPTION OF FLOW CELL 


The model flow cell was essentially in the form-of 
two rectangular aluminum blocks that faced each other 
to simulate a fracture. The lower block was equipped 


& 


with fluid inlet and outlet ports, while the up 
contained pressure taps. Fluid flow between 
was contained by means of gasket plates bol 
sides and ends of the aluminum plates. | 


tor 


The upper and lower plates were drilled wWitu-s.. 
sets of holes. Five sets of interchangeable plates were 
used; each set contained holes of different size in dif- 
ferent density patterns. When various sizes of propping 
agents (steel balls) were used with the different sets 
of plates, the density pattern of the propping agent, as 
well as the degree of embedment and fracture width, 
could be varied. Fig. 2 shows the interfacial plates and 
the seating of the steel balls in the plates. 


A somewhat more detailed description of the interfa- 
cial plates seems in order because the plates were the 


_unique portion of the flow cell. These plates were 17-in. 


in over-all length. three sets were 1.50-in. in breadth, 
while two sets were 1.5625-in. in breadth to accom- 
modate the largest size of ball used (5/32-in. diameter) 
without having the balls extend over the sides of the 
plates. All the sets had fluid entrance and exit holes, 
with a channel milled across the breadth of the lower 
plate to distribute the fluid across the entire area of the 
plates. Each plate had an entrance length of 7 in. from 
the entrance hole to the first pressure tap; this was de- 
signed to give a distance of at least 54 fracture widths, 
as suggested by Davies and White,” to prevent entrance 
effects. The distance between pressure taps (the test sec- 
tion of the flow cell) was 6-in. for all sets of plates. 
Also, the breadth dimension was designed to provide at 
least a 12:1 ratio of breadth-to-fracture width to elimi- 
nate side effects, as proposed by McAdams.” Each set 
of plates was drilled with matching holes; that is, the 
two plates were clamped together and the holes drilled 
completely through the upper plate and partially into 
the lower. The external surface of the holes in the up- 
per plate was then sealed with an epoxy resin. All holes 
of a given set of plates were of the same diameter, how- 
ever, the hole diameter varied from 0.036 to 0.120 
in. among the sets of plates. The density pattern of holes 


Fic. 2—InTerFACIAL PLATES OF THE FLow CELL. 
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patty a given set of plates was constant but varied from 
crZ4.7 to 31.3 holes/sq in. among the sets of plates. 


EXPERIMENTAL PROCEDURE 


The procedure used to assemble the propped frac- 
ture flow cell was to fill all or a pre-determined num- 
ber of the holes in a set of plates with one size of steel 
ball. Then the set of plates was positioned on the base 
plate of the flow cell. A load was applied by means of 
a hydraulic jack assembly to the top plate to seat the 
balls in both upper and lower holes; then, the fracture 
width was measured by the use of feeler gauges. After 
the periphery of the flow area was sealed with gaskets 
which were bolted in place, Soltrol-C was flowed to 
obtain the pressure differentials required for various 
flow rates. Throughout the study, single-phase flow of a 
laminar nature was maintained. A Lucite top plate was 
used on a few runs initially to permit observation of 
the flow of a fluid containing a dye. By these observa- 
tions it was seen that the fluid flowed through the 
whole cross-sectional flow area and was not diverted 
along diagonal channels inherent to the geometry of 
the propping agent density pattern. 


This described procedure for obtaining flow data was 
repeated on the same plates for the same size balls but 


of a different density pattern, or with a different size 
ball. Plates, as well as the size and density pattern 
of balls, also were varied. The diameter of propping 
agent balls ranged from 0.0394 to 0.1563 in. The den- 
sity pattern ranged from 6.2 to 31.3 balls/sq. in. By 
selecting the balls and holes of certain diameters, the 
fracture width was varied from 0.014 to 0.149 in. The 
resulting porosity in the flow cell ranged from 0.984 
to 0.652, while the ratio of fracture width-to-ball di- 
ameter (a measure of the embedment of the propping 
agent) varied from 0.980 to 0.304. Variables for each 
run are listed in Table 1. 


To check the validity of Eq. 15 for random arrange- 
ments of propping agents, several runs were made in 
which the steel balls which simulated the propping agent 
were distributed according to a random number meth- 
od." These tests showed that, within reasonable limits, 
the fracture capacity was not dependent on the arrange- 
ment of the propping agent. Also, to determine the ef- 
fect of the holes in the interfacial plates that were not 
occupied at reduced propping agent density patterns, 
runs were made in which the unoccupied holes were 
left vacant and, then, in which they were sealed with 
wax. Because all data had been obtained with spherical 
balls as the propping agent, runs were made in which 


TABLE 1 — COMPARISON OF EXPERIMENTAL AND PREDICTED CAPACITIES 


Approx. Mesh D n 
Size (in.) (No./sq in.) 
18 0.039 24.7 
12 0.063 24.7 
8 0.094 24.7 
Plate Set 1 6 0.125 6.2 
6 0.125 24.7 
0.156 6.2 
5 0.156 24.7 
18 0.039 31.3 
12 0.063 7.9 
12 0.063 7.9 
12 0.063 31.3 
8 0.094 7.9 
Plate Set 2 8 0.094 79 
8 0.094 Silks 
6 0.125 7.9 
6 0.125 31.3 
6 0.125 31.3 
12 0.063 31.3 
8 0.094 7.9 
8 0.094 15.7 
8 0.094 23.6 
Flate Set 3 8 0.094 31.3 
6 0.125 7.9 
6 0.125 7.9 
6 0.125 15.7 
6 0.125 31.3 
6 0.125 7-5 
6 0.125 149 
6 0.125 29.8 
0.156 
6 0.125 7.5 
Plate Set 5 6 0.125 29.8 
5 0.156 TASS} 
12 0.063 16.0 
8 0.094 16.0 
6 0.125 15.4 
6 0.125 15.4 
6 0.125 21.6 
6 0.125 7.5 
6 0.125 7.5 
6 0.125 7.5 
5 0.156 
6 0.125 10 
6 0.125 20 
6 0.125 29.8 
6 0.125 15 
6 0.125 20 
6 0.125 25 
5 0.156 20 
5 0.156 20 
34 


Wr kWy Exper. kWy Predicted 
(in.) (md-ft) (md-ft) 
Ordered Arrangement 
0.014 1.1104 0.70 104 
0.048 105 2 
0.085 6.7 X 105 6.8 X105 
0.118 3.6 X 108 3.0 X10° 
0.118 1.2 X 106 0.95 10% 
0.149 4.3 X 10° 4.9 X108 
0.149 1.0 x 108 0.77 X 108 
0.0325 1.2 X 105 0.78 X 10° 
0.0565 5.9105 4.3 X10° 
0.056 6.0X105 4.3 X105 
0.057 4.4X 10° 3.0 X105 
0.089 1.3) 
0.089 1.9108 LOS 
0.0915 8.1 105 6.6 
0.121 35 2.8 
0.121 7.0 X 10° 6.5 
0.1227 6.6X105 6.7 X10° 
0.030 8.1104 X04 
0.076 1.2 X 108 0.94 x 108 
0.076 8.3 X 10° 7.0 X105 
0.077 6.8 X 10° 5.6 X105 
0.076 5.9X 105 4.1 X105 
0.1125 2.5X 10° 2.4 X108 
0.1125 2.8 X 10° 2.4 X108 
0.1125 1.2 X 10° 1.4 X106 
0.1125 6.9X 10° 5.5) 
0.0805 1.0 X 108 0.99 X 108 
0.081 6.2 X 10° 6.7 X105 
0.081 2.9 X 105 3.0 x105 
0.124 4.8X 108 4.5 
0.038 1.8X 105 
0.0385 6.1 X 104 5.5 X104 
0.104 1.7 X 108 1.7 108 
Random Arrangement 
0.031 0.70 10° 
0.0765 9.1X105 
0.039 1.3 X 105 1.0 
0.0805 7.3X 105 6.5 X105 
0.081 5.2105 4.8 X105 
Wax-Filled 
0.038 1.2 X 105 1.3 105 
0.038 1.4X 105 1.3 105 
0.0805 1.1 X 106 0.99 x 108 
0.103 1.6 X 10° 1.7 X108 
Walnut Shells 
0.073 7.5X105 7.1 X105 
0.0775 5.8X 105 5.4 X105 
0.080 4.2X105 3.5 x105 
Core Sample Flow Cell 

0.0785 5.7105 6.3 X105 
0.043 1.0 X 105 1.1 X105 
0.056 1.5X 105 1.6 105 
0.041 6.7 X 104 6.5 X104 
0.0605 1.5105 1.6 105 
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6-8 mesh ground walnut shells were used as the prop- 
ping agent in the flow cell. 


To check the validity of Eq. 15 for the “actual” case 
of the propping agent partially embedded in the frac- 
ture surfaces, 314-in, diameter sandstone core samples 
were used. Samples 8-in. long were cast in epoxy resin 
and cut into “halves” lengthwise. With the proper taps 
for inlet, exit and pressure differential, a flow cell was 
formed. After the propping agent was placed between 
the “fracture surfaces”, the flow cell was subjected to 
loading by a hydraulic jack. This action simulated the 
overburden load which, in turn, resulted in the partial 
embedment of the propping agent. The sides and ends 
of the cell were closed with gaskets, and flow data were 
obtained in a manner similar to that for the previously 
discussed flow cell. 


DISCUSSION 


The data obtained in the experimental flow studies 
are listed in Table 1. With the dimensions of the 
“propped” fracture and the flow data, the experimental 
fracture flow capacity was calculated. In correlating the 
data, the experimental capacity was then accepted as a 
correct value that should be predicted by the use of 
Eq: 15. 


CORRELATION OF DATA 


In the first few attempts to correlate the flow data with 
the conventional form of the Kozeny-Carman relation 
(Eq. 5), the results indicated that a modification of the 
equation-would be necessary. In the attempt to deter- 
mine in what manner the variables. could be modified, | 
working with the data was somewhat difficult because 
no single variable could’ be isolated during the study 
due to the limited number of interfacial plates for 
the flow cell. With the data from several runs, it was 
possible to correlate the fracture flow capacity as a func- 
tion of n, D and W,. From the results of this correla- 
tion, a modification of the term, S, of Eq. 5 to the form 
expressed by Eq. 13 seemed to be the logical approach. 
With this approach it also seemed logical to consider 
the embedment in the previously discussed manner for 
obtaining the porosity. With these modifications (ex- 

(1 gp)” W, 
was constructed on log-log paper. The results of cor- 
relating the data in this manner are shown in Fig. 3. 


pressed in Eq. 15), a plot of 


For Eq. 15 to be applicable to a fracture propped 
with a partial monolayer of propping agent, a line fitted 
to the data plotted in Fig. 3 must have a slope of one 

10 gr 
and an intercept of 1.1 < 10” for (ay 1. 
These conditions are satisfied by the line shown in 
Fig. 3; thus, the line is a plot of Eq. 15. 


In Fig. 3 the data represent cases of the propping 
agent distributed in the flow cells in both ordered and 
random arrangements. The maximum deviation of the 
flow capacity predicted with Eq. 15 from the experi- 
mental capacity was about 35 per cent; however, the 
average deviation in all the tests was less than 15 per 
cent. The variables measured (such as h, D, and W,) 
naturally were subject to error, and these errors were 
compounded in calculating the terms, Sp and ¢p. This 
type error is inherent in the use of Eq. 15; however, 
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Fic. 3—Kozeny-CarmMan RevatTion (FLow 1n FRACTURE 
PRopPED WITH A ParTIAL MONOLAYER OF PRoppinc AGENT). 


the equation appears satisfactory for the purpose for 
which it is intended — to estimate the flow capacity of 
the fracture. 


APPLICATION 


The principal application of the results of this study 
lies in the design of fracturing treatments. More speci- _ 
fically, in treatments that are designed to obtain a par- 
tial monolayer of the propping agent, Eq. 15 can be 
used to estimate the fracture flow capacity obtainable 
with various sizes and density patterns of the propping 
agent. 

For formations in which the propping agent embeds 
in the fracture surfaces rather than crushing under the 
overburden load, it was shown by a recent study’ that 
the embedment could be expressed by the relation. 


L m/2 


~ where L = load on a propping agent particle, and 


m, B = constants, characteristic of the formation. 


In this study," a method of determining the extent of 
embedment by a simple ballpoint penetrometer test 
was described. From the results of tests on the depth 
of embedment h for a sphere of diameter D under a 
load L and by the geom ‘try shown in Fig. 1, 

the constants m and B can be obtained from a plot of 
d/D vs L/D’. 

By the geometry of embedment shown in Fig. 1, 


By re-arranging Eq. 18, there results 


By substituting Eq. 16 for the d/D ratio in Eq. 19, 
there results 


W, =2 


joe 
If the load L placed on each propping agent particle 
is replaced by the effective overburden pressure (pounds 
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per square inch) divided by the density pattern n 
(number of propping agent particles per square inch), 
there results an equation for calculating the fracture 
width for the case of a partial monolayer. 


P m Vu 


where P, = effective overburden pressure. 


Thus, by use of Eqs. 15 and 21, the fracture flow ca- 
pacity in a particular formation can be predicted for a 
given set of conditions such as overburden pressure and 
size and density pattern of a propping agent. 


To illustrate the use of Eqs. 15 and 21, an example 
seems in order. For a particular formation in which a 
spherical propping agent embeds in the formation core 
samples under a load, the effective overburden pressure 
is 3,000 psi. It is desired to determine what fracture 
flow capacity is obtainable with a partial monolayer of 
4-6 mesh propping agent (average particle diameter of 
0.16 in.) and at what density pattern of the propping 
agent the fracture will have the maximum flow capacity. 


From penetrometer data* obtained on the formation 
core samples, a plot of the d/D vs L/D’ ratios is con- 
structed and m and B are calculated with Eq. 16. For 
this. particular case, say m and B are | and 0.000042, 
respectively. These values, in turn, are used in Eq. 21 
to calculate the fracture width for various values of the 
density pattern, n. The plot obtained with Eq. 21 is 
shown in Fig. 4. It is interesting to note that, for a 
density pattern of less than 5 particles/sq in. (for this 
particular case), the fracture would heal; at a density 
pattern greater than about 12 particles/sq in. in the 
partial monolayer, the fracture width would increase 
very little. 


The use of Eq. 21 illustrates the need for sufficient 
propping agent to prevent the fracture’s healing and the 
effect of the density pattern of the propping agent on 
the fracture width. However, as was mentioned earlier, 
the flow capacity is dependent on both the width and 
the permeability of the fracture. Beyond a certain point, 
addition of propping agent to the partial monolayer 
increases the fracture width very little, but it decreases 
the permeability considerably. 


To determine the fracture flow capacity at various 
density patterns of the propping agent, Eq, 15 was 
used. To obtain the values for the terms Sp and ¢p in 
Eq. 15, Eqs. 10, 12, 13, 14, the plot of W, vs n, and 
penetrometer data were used. It should be emphasized 
in working with these equations that, for a given set of 
conditions of overburden, formation and propping agent 
particle diameter, variables such_as d, W, and h have 
to be determined for a particular value of n. The frac- 
ture flow capacity was determined for the example case 
as a function of the density pattern of the propping 
agent by this method of calculation, and the results 
were plotted in Fig. 4. 


In Fig. 4, the results show that the maximum flow 
capacity for the fracture is obtained at a density pat- 
tern of about 10 propping agent particles/sq in. The 
maximum flow capacity is about 1.7 10° md-ft. At 
this particular density pattern of the propping agent, 
the fracture width is about 0.115-in., which is about 
75 per cent of the fracture width obtainable with a 
close-packed monolayer of the 4-6 mesh propping agent. 


*See Ref. 1 for method of obtaining data. 
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Fic. 4—WintH anp FLtow Capacity OF FRACTURE PROPPED 
WITH A ParTIAL MONOLAYER OF PROPPING AGENT. 


However, should there be a monolayer pack in the 
fracture, the fracture flow capacity would be only 
66,000 md-ft, or about 4 per cent of the maximum 
obtainable with the proper density pattern of the prop- 
ping agent. 

To further illustrate the advantage of the partial 
monolayer of large-size propping agent in obtaining a 
higher flow capacity for a fracture, another compari- 
son can be made. For the example case discussed above, 
the 4-6 mesh particles would range from 0.187 to 0.132 
in. in diameter and would have an average diameter of 
0.16 in. The fracture width during pumping must neces- 
sarily be greater than 0.187 in.; for discussion purposes 
the fracture width during the pumping is assumed to 
be %-in. For the partial monolayer case discussed 
previously, the final fracture width at the proper density 
pattern is 0.115-in., but, if a commonly used size of 
propping agent (i.e., 8-12, 10-20 or 20-40 mesh) is 
employed and a multilayer pack is obtained during the 
fracturing operation, the final fracture width would 
remain very close to the %4 in. obtained during pump- 
ing. Based on the calculated permeabilities’ of the dif- 
ferent packs (i.e., 2,000 darcies for 8-12 mesh, 900 
darcies for the 10-20 mesh and 160 darcies for the 
20-40 mesh), the 14-in. width, packed fracture would 
possess a flow capacity of 42,000 md-ft for the 8-12 
mesh, 19,000 md-ft for the 10-20 mesh and 3,300 md-ft 
for the 20-40 mesh. At best, these flow capacities are 
more than an order of magnitude lower than the max- 
imum flow capacity obtained with a partial monolayer 
of 4-6 mesh size of propping agent; yet, the final fracture 
width with the partial monolayer of the 4-6 mesh-size 
agent is less than 50 per cent of the fracture width 
sustained by a multilayer pack of the smaller-mesh 
particles, Thus, for the case in which a fracture can be 
propped adequately by a partial monolayer, it appears 
that the approach to higher flow capacity fractures is 
to place a partial monolayer of large-size propping agent 
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in the fracture rather than packing the fracture to 
obtain a greater ee 


SUMMARY AND CONCLUSIONS 


A laboratory study was made in which the flow 
capacity of a fracture propped with a partial monolayer 
of the propping agent was described with a modified 
form of the Kozeny-Carman relation. The variables 
necessary in the use of the Kozeny-Carman relation 
can be determined from laboratory data on formation 
core samples. With equations presented in this paper, 
the flow capacity of a fracture propped with the partial 
monolayer of the propping agent can be calculated, and 


in turn, the density pattern of the propping agent that | 


results in the maximum flow capacity of the fracture 
can be determined. The maximum flow capacity of a 


fracture propped with a partial monolayer of large- 


size propping agent is usually at least an order of mag- 
nitude greater than the flow capacity obtained in a 
fracture in which there exists a pack of the propping 
agent of the size commonly used in fracturing Brera: 
tions. 


Conclusions that appear warranted from this study 
include the following. 


1. The modified form of the Kozeny-Carman rela- 
tion (Eq. 15) is adequate to estimate the flow capacity 
of a fracture propped with a partial monolayer of the 
propping agent, provided the propping agent is partially 
embedded in the surfaces of the fracture. 

2. In formations in which a partial monolayer of 
propping agent will sustain a propped fracture under 
the overburden load, the approach to obtaining higher 
flow capacity fractures is that of a partial monolayer of 
a larger-size propping agent rather than packing the 
fracture (with a smaller-size propping agent) to obtain 
a greater fracture width. 
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ABSTRACT 


A miscible displacement pilot using a slug of LPG 
driven by separator gas was conducted in the Cardium 
reservoir of the Pembina field. The injection pattern 
was a 10-acre, inverted, isolated five-spot. Upon com- 
pletion of the LPG-gas phase, an experiment was con- 
ducted using a slug of water followed by gas. 


Calculated performance of the pilot is compared 
with actual performance. Equations are developed to 
calculate the distribution of LPG into zones of varying 
permeability, to estimate the progress of the flood at 
different times in the various zones and to estimate 
gas rates after breakthrough. The analysis indicates that 
permeability stratification was a dominant factor in 
controlling oil recovery and that oil was completely 
displaced from the swept pore volume. 


The results of the pilot indicated that miscible flood- 
ing is a practical means of pressure maintenance in this 
reservoir. The total recovery from the pilot area was 
good in spite of the early breakthrough of LPG. The 
effects of stratification were reduced by injecting a slug 
of water into the partially swept reservoir. 


INTRODUCTION 


The Pembina field,’ located in Alberta, is the largest 
oil field in Canada and one of the largest in the North 
American continent. The reservoir is a stratigraphic 
trap producing from the Cardium sand. Neither bottom 
water nor free gas has been found. The recovery of oil 
by the natural depletion mechanism has been estimated 
at 12.5 per cent. 


Pressure maintenance studies of various areas have 
indicated that the recovery can be increased 2% times 
by water flooding, and a large area of the field is pres- 
ently under water flood. However, reservoir studies of 
the North Pembina area indicated that miscible flood- 
ing might be competitive with water flooding, A pilot 
test was conducted to evaluate the performance of a 
miscible flood. 


Original manuscript received in Society of Petroleum Engineers 
office Aug. 13, 1959. Revised manuscript received Feb. 9, 1960. 
Paper presented at 34th Annual Fall Meeting of SPE, Oct. 4-7, 
1959, in Dallas, Tex. 


1References given at end of paper. 
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A 10-acre, inverted, isolated, five-spot pattern was 
selected for the pilot. The pattern area was large enough 
to minimize wellbore fracturing effects and contained 
sufficient oil to provide significant working numbers. 
The performance of each of the four producers could 
be evaluated individually and compared. In the event 
of breakthrough in one direction, the effect would be 
isolated from the other producers. The use of a single 
injector minimized the volume of LPG required, and, 
because of the high mobility of gas, one well was suf- 
ficient to inject the necessary daily volume to replace 
the high rate of production. With four producers, the 
test could be completed in time for results to be evalu- 
ated, additional engineering studies to be made and a 
unit to be formed before the reservoir pressure in the 
North Pembina area declined below the bubble point. 


The pilot was located in an area developed on stag- 
gered, 80-acre spacing. The injection well was drilled 
at a regular location, while the four producers were 
drilled 467-ft north, east, south and west of the injector. 
Each quadrant and its associated producer were identi- 
fied according to their direction from the injector— 
that is, north, east, south or west. The eight surround- 
ing producers on 80-acre spacing were shut in to isolate 
the pilot area and provide for reservoir pressure obser- 
vation. 


The pilot wells were completed using permanent-type 
completion techniques. After coring, casing was run 
through the pay section and cemented. Inside 51%4-in. 
casing, 242-in. tubing was hung. The wells were per- 
forated opposite the Upper Cardium sand and lightly 
fractured. Fracturing volumes, rates and pressures were 
low to minimize the extent of the fractures, The frac- 
turing treatments average 1,000 lb of 20-40 mesh 
sand in 700 gal of a low fluid-loss sand-carrying agent. 
Feed rates and wellhead fracturing pressures averaged 
5.5 bbl/min at 2,535 psig, respectively. 


After fracturing, the productivity index was measured 
in each of the five pilot wells. The average PI of the 
four producers was 0.41 BOPD/psig drawdown. The 
measured PI’s were approximately the same as PI’s cal- 
culated from core analysis data, indicating that the 
fracturing treatments were just sufficient to overcome 
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wellbore damage. It was necessary to re-fracture the 


west well to obtain the initial production rate of 150 
BOPD/well. 


To permit analysis of the pilot performance and to 
prevent influx or efflux of fluids from the pilot area, it 
was necessary to conduct the pilot at constant reser- 
voir pressure. A condition of zero net withdrawals 
was therefore maintained throughout its life. A daily 
material balance calculation determined the injection 
rate until the capacity of the gas compressor was 
reached. Thereafter, the production rates of the wells 
were controlled. 


Throughout the life of the pilot, the relative produc- 
tion rates of the producers were to be proportioned 
to the pore volume of each quadrant. Individual sep- 
arators permitted continuous metering of each pro- 
ducer’s daily oil and gas volumes. Each separator was 
housed and line heaters were installed to insure trouble- 
free operation during the winter months. Each pro- 
ducer was equipped with pumping equipment in case 
the pilot would not flow at the desired rate. The com- 
pressor equipment was capable of injecting a maximum 


of 1.5 million scf/D of separator gas at a wellhead 
pressure of 1,500 psig, or 1.0 million scf/D at 2,500 
psig. 

Produced and injected gas gravities were recorded 
daily by an AC-ME gravity balance. An injection gas 
sample and oil and gas samples from each producer 
were obtained weekly for composition analysis. The 
reservoir pressure in the project area was measured 
each week in the eight shut-in wells. During the pilot 
operation, the pressure decline in the area was 26 psig, 
the same decline as in the remainder of the North 
Pembina area. 


Permeability profiles prepared from core analysis 
data indicate that the sand section in the pilot area is 
highly stratified. Permeabilities over the 16 ft of gross 


_- pay vary from 216 md near the top of the sand to 0.1 


md near the bottom. Also, cross sections through the 
pilot area indicate that continuous permeability stringers 
exist from well to well (Fig. 1). The permeability 
profiles for the north, east, west and center wells are 
almost identical; the profile for the south well is some- 
what more uniform. — 
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In yiew of the stratification in the pilot area, per- 
meability and capacity distribution relationships were 
used to determine effective pay. These relationships 
indicated that 98 per cent of the total formation capac- 
ity was contained in sand having a permeability in 
excess of 10.0 md. A 10.0-md cutoff was selected to 
determine the reservoir characteristics in the pilot area. 
The results are shown in Table 1. 


The reservoir fluid characteristics in the pilot area 
are summarized as follows: saturation pressure, 1,560 
psig; reservoir temperature, 118°F; oil gravity, 
37.2° API; oil viscosity at 118°F, 1.38 cp; oil forma- 
tion volume factor at 1,560 psig, 1.22; and solution 
GOR, 416 scf/bbl. Initial reservoir pressure in the pilot 
area was 1,629 psig at the sandface (1,940 ft subsea), 
approximately 69 psig above the saturation pressure. 


LPG. SLUG. SIZE 


The total volume of LPG slug required to maintain 
miscibility ahead of the driving gas was calculated with 
the aid of data from laboratory floods and phase be- 
havior studies. 


Miscible zone lengths, obtained in different lengths 
of 0.3-in. ID sand-packed tubes up to 200-ft long, were 
extrapolated to the zone length expected for 467 ft of 
travel. This zone length was multiplied by the length 
of flood front, expected at breakthrough of the miscible 
zone, to obtain the pattern area occupied by the mis- 
cible zone. The hydrocarbon volume in the pattern area 
occupied by the miscible zone was then multiplied by 
the volume fraction of LPG required to maintain mis- 
cibility to obtain the total volume of LPG required. 
This calculation results in an overestimate of required 
LPG because most of the flood front will not have 
traveled as far as the well spacing. However, the excess 
LPG allows continued miscible sweep for pattern 
growth after breakthrough. Total LPG injected in the 
pilot was 7,692 reservoir bbl. 


The tubes used in the zone length studies were 
packed with a sand mixture with a size range of about 
100 mesh. The pack permeability was approximately 
15 darcies and the porosity about 35 per cent, The 
sand packs did not match Cardium core properties. 
However, in experiments with similar viscosity ratio 
fluid displacements in cores and sand packs with widely 
varying properties, comparable zone lengths have been 
obtained. Similar experience has been reported by Hall 
and Geffen.’ Therefore, it was felt that the sand-pack 
data could be used to estimate performance in the 
Cardium formation. 


The LPG slug consisted of a 50:50 mixture by vol- 
ume of butane and propane. Laboratory phase studies 
indicated that dilution of the slug to 53 mol per cent 
intermediates (C, — C,) was permissible for miscibility 
at the existing reservoir conditions. 


TABLE 1 — RESERVOIR CHARACTERISTICS 


Avg. Avg. Water Effective 
Area Effective Porosity at. Oil in Place 

Quadrant (acres) Pay (ft) (Per cent) (Per cent) (STB) 
North 2.449 7.4 19.0 5.5 21,841 
South 2.548 8.5 18.4 7.6 23,397 
East 2.472 8.1 18.8 7.0 22,270 
West 2.531 8.0 18.9 6.9 22,722 
Total 10.000 90,230 
Weighted Average 8.0 18.8 6.7 
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INJECTION PERFORMANCE 


Injection of the LPG slug began on Oct. 2, 1957, 
and continued at irregular intervals for a 19-day period. 
Continuous injection of the LPG slug was not possible 
because of delays associated with transporting the LPG; 
however, injectivity data indicate that a stabilized 
injection rate of 850 bbl of LPG per day at 1,200 psig 
wellhead pressure could have been attained. 

Because of a high seasonal demand for LPG fuel, it 
was necessary to purchase and inject the required LPG 
before the pilot production facilities were complete. The 
period from LPG injection to continuous operation of 
the pilot was approximately 70 days. It was calculated 
that the slug was displaced only about 5 ft by the ex- 
isting pressure gradients in the reservoir during that 
period. 

The injection performance history is presented in 
Fig. 2. Gas injection began on Nov. 26, 1957, but com- 
pressor difficulties and delays in receiving equipment 
prevented continuous injection until Jan. 2, 1958, Sub- 
sequent to that date, injection was continuous to the 
end of the test. Injection began at 750,000 scf/D, in- 
creased to 1.0 million scf/D, and ultimately to 1.5 
million scf/D. During this period, the initial wellhead 
injection pressure of 1,650 psig decreased slowly and 
stabilized at 1,450 psig. Gas injection continued for 
eight months, and cumulative gas injection during this 
time was approximately 250 million scf. 

During Sept., 1958, 7,500 bbl of water were injected 
in an attempt to reduce gas cycling and increase the 
vertical sweep efficiency. Gas injection re-commenced 
behind the water. The injection pressure increased im- 
mediately from the pre-water injection pressure of 
1,450 psig to 2,100 psig. As gas permeability was re- 
established, the pressure gradually declined and finally 
stabilized at 1,775 psig. At the higher wellhead pres- 
sures, it was impossible (with the existing equipment) 
to inject gas at rates in excess of 1.0 million scf/D. In- 
jection, therefore, continued at this rate to the end of 
the pilot. The pilot was terminated on Nov. 30, 1958. 
Approximately 52 million scf of gas were injected be- 
hind the water. 


PRODUCTION PERFORMANCE 


The composite performance history of the producers 
is presented in Fig. 3. Initial production from the pilot 
area commenced coincident with gas injection during 
Nov., 1957. Production from each well was continuous 
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and during the early life of the pilot was in proportion 
to its quadrant pore volume, thereby insuring uniform 
flood-front advance. The initial oil production rate av- 
eraged 600 B/D. After breakthrough (with the increas- 
ing GOR), this rate was gradually reduced to 110 B/D 
because of the zero net withdrawal requirement. 


The GOR of each producer began to increase during 
Jan., 1958, approximately two weeks after continuous 
injection commenced. During the first week in March, 
three of the producers were shut in to observe the ef- 
fect of a shut-in on the increasing GOR trends and to 
permit the south well, which had fallen behind, to pro- 
duce an equivalent percentage of its hydrocarbon vol- 
ume. The shut-in period had little effect on the pro- 
ducing GOR’s, and the trend continued uniformly up- 
ward. During July, 1958, a stabilization of the GOR 
occurred. Continued production indicated that varia- 
tions in the gas injection rate were reflected in the GOR 
performance. This is evident from the performance his- 
tory (Fig. 3), particularly near the end of July, 1958 
and again during the middle of Aug., 1958 when a re- 
duction in the gas injection rate from 1.4 to 1.0 mil- 
lion scf/D resulted in a reduction in the average GOR 
from 10,000 to 8,000 scf/bbl. As a result, the LPG-gas 
phase of the pilot was discontinued on Aug. 31, 1958. 
Cumulative production from the pilot at this time was 
56,563 STB, or approximately 63 per cent of the ef- 
fective oil in place. 


Production from the pilot wells re-commenced in 
mid-September, 1958, after the injection of the 7,500 
bbl of water. Producing GOR’s decreased immediately 
to 5,500 scf/bbl from an average of 10,500 scf/bbl 
prior to water injection. With continued production, the 
ratios increased slightly and stabilized at approximately 
6,500 scf/bbl. Because of the decreased GOR and the 
zero net withdrawal requirement, it was possible to in- 
“crease the average oil production rate by approximately 
10 BOPD/well. A check for water production was made 
daily; however, no water production occurred during 


the life of the pilot. 


The pilot was terminated on Nov. 30, 1958 after the 


GOR performance of each well had stabilized. Addi- 
tional production after water injection was 8,494 STB, 
or 9.4 per cent of the effective oil in place. Cumulative 
production from the pilot during its entire life was 
equivalent to 72.0 per cent of effective oil in place. Pre- 
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TABLE 2 — RECOVERY SUMMARY 


Cum. Recovery 
to Start of Water 


Add. Recovery 


Obtained after Cum. Recovery 


Inj. Water Inj. to End of Pilot 
Well STB Per cent _STB_ Per cent STB Per cent 
North 12,012 55.1 2,668 12.1 14,680 67.2 
South 14,596 62.4 1,687 72 16,283 69.6 
East 14,431 64.2 2,361 Te2 16,792 75.4 
West 15,424 68.0 1,778 Tdi 17,202 75.7 
Total 56,463 62.6 8,494 9.4 64,957 72.0 


sented in Table 2 is a summary of the recovery from 
the pilot prior to and after water injection. 


ANALYSIS OF PERFORMANCE 


RESERVOIR FORMATION CHARACTERISTICS 


Examination of the core analyses (Fig. 1) indicated 
that there are high permeability strata which tend to 
correlate with position in the formation. A thin stra- 
tum of ironstone (encountered a short distance below 
the top of perforations in each well) appeared to be 
continuous throughout the pattern and was used as a 
marker for stratification correlation purposes. 


For purposes of flow calculations, the formation was 
divided into as many permeability zones as could be 
correlated between injection well and producing well. 
Permeability and thickness for each zone were averaged 
for the values obtained in the injection well and the 
corresponding producing well. The average zone selec- 
tions for each quadrant are shown in Fig. 1. Permeable 
zones in the lower section of the formation were spotty 
and, because they represented a minor portion of the 
total permeability-thickness product of the formation, 
they were correlated as a single zone. Zones with less 
than 10-md permeability were not considered in the 
flow calculations. Most of the reservoir sections with 
permeabilities of less than 10 md were in the range of 
0.1 to 1 md. Flood-front movement in such low per- 
meability zones would be insignificant during the time 
of sweep-out of the higher permeability zones. 


Porosity and interstitial water values for the zones 
selected for flow calculations were also averaged for 
each zone from values obtained in the injection well 
and corresponding producing well. Injection well and 
west producing well core sample properties and the av- 
eraged values for the west quadrant zone selections are 
shown in Table 3. 


Examination of the LPG content of produced fluids 
from a typical well (Fig, 4) reveals successive peaks, 
indicative of production from zones which were break- 
ing through at different times. 


Conclusive evidence that high permeability streaks 
were continuous between wells was obtained by a 


TABLE 3 — SELECTED PERMEABILITY ZONES FOR WEST QUADRANT 


Average 


Injection Well West Well Value for Quadrant 

K h K h K h d Sw 

Zone (md) (ft) (%) (md) (#8) (%) (ma) (FY (%).(%) 
113° 10:8) 23 14257 0.7, 21.6 127° 22-32 5510) 
W-2 892026) 25.2 203 0.4 23.3 146 0.5 24.2 5.0 
W-3 <3, 16 0.5 14.8 15056 
W-4 98 0.8 22.6 55 0.9 16.3 76 0.85 19.5 6.4 
W-5 183 0.6 20.7 167 0.8 17.3 087. 
W-6 62 0.6 21.4 99 0.4 20.5 5.0) 
W-7 627. 147 0.8 20.3 T5137 
W-8 20 1.8 18.4 28 18.6 24-71 
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delium tracer test. After high GOR’s were being ob- 
tained in all wells (probably resulting from break- 
through of several permeable zones in each well), a 
slug of 2,000 scf of helium was included in the injec- 
tion gas. Separator gas from the production wells was 
then analyzed for helium content. Fig. 5 shows the re- 
sults of analysis of the gas from the west well. Peaks 
in helium concentration, separated by decreases toward 
the background level, definitely indicate the presence of 
permeability stratification. 


RESERVOIR FLOW CALCULATIONS 

In calculating flow in the strata represented by the 
various permeability brackets, the assumption is made 
that there is no cross flow between strata. Though 
there are impermeable and low permeability layers be- 
tween some of the strata picked as separate zones, we 
do know that cross flow could occur in much of the 
formation. However, the calculations appear to predict 
performance reasonably well and apparently the as- 
sumption of no cross flow is not a serious over-simpli- 
fication in this case. 


Effective permeabilities to oil, LPG or gas were as- 
sumed to equal the values assigned to each bracket, 
based on specific permeabilities from the core analysis. 
It was assumed that the low interstitial water content 
would not appreciably lower the permeability and that, 
because of miscibility of the flowing fluids and assum- 
ing 100 per cent microscopic displacement efficiency, 
there would be no relative permeability effects behind 
the flood front. Because the reservoir pressure was 
above the bubble point, single-phase liquid flow pre- 
vailed ahead of the flood front except in the region of 
pressure drawdown very near the production wells. 


Because of the maintenance of essentially constant 
reservoir pressure during the pilot operation, it was 
assumed that steady-state electrical model, areal sweep- 
efficiency information would be applicable in the flow 
calculation. 
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CALCULATED VOLUME OF LPG INJECTED 
INTO EACH BRACKET 


Radial flow was assumed in calculating the LPG flow 
into each bracket. For LPG displacing oil in a radial 
pattern and assuming a sharp interface between LPG 
and oil, the flow equations were developed as follows. 


Mo In 


and 
Go = ANd k, = kipg =k. 
Equating Eqs. 1 and 2 and solving for p,, yields 


; 3 
fo ln + pore IN 
Substituting Eq. 3 in Eq. 1 and letting girc = — , 
op 
In 
Piwbo In 7,/riz + IN 
Piw — dt 
(4) 
Vire = 5.615 (5) 
2arisho(1 — ari; 
and 5 G15 (Sa) 
Equating Eqs. 4 and Sa and solving for f, 
Tis 
0.1586(1 — r, 
t= In — dr; 
K(Diw P,) Vis 
Tiw 
+ In dr;; ACG) 


1w 


Evaluation of the integral and dropping insignificant 
terms yields 


_ 0.158¢(1—S,)f 


Inr, — Inr,;, + Y% 
K(Diw Pr) ( 2) 


2 


iy 


Substituting the parameters which pertain to the Pem- 
bina pilot — p, = 1.38 cp, pire = 0.1 ep, r, = 1,000 
ft, ri. = 0.25 ft, and t=9.5 days (LPG injection 
time)—Eq. 7 is simplified to 
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(8) 
Because (p,,, — p,) cr Ap wanes during the injection 
time, it was necessary to assume an average value for 
(Piw — p,) for the first approximation to calculate the 
volume of LPG entering each bracket. For an assumed 


value of (p;. — p,), values of were plotted 


k 
against various values for r;,, the radius to the LPG- 
oil interface which is the radius of the LPG slug. Values 


k 


were then used to obtain the corresponding value of 
r;, from the plot. 


for each correlated permeability bracket 


With the radius of the LPG slug and values oF 


(1 — S,,) and h for each bracket, the volume of LPG 
in each bracket was calculated. The sum of the volumes 
of LPG in each bracket was compared with the total 
amount of LPG injected. When total calculated volume 
of LPG injected differed significantly from the actual 
volume injected, a new approximation of (p,, — p,) 
was made and the calculation repeated until an assumed 
(Piw — p,) resulted in the calculated total LPG injected 
being approximately equal to the actual volume of LPG 
injected. 


Calculated volumes of LPG that entered the corre- 
lated zones of the west quadrant are shown in Table 4. 
It may be seen that a much larger proportion of the 
LPG enters the more permeable zones. The amount of 
LPG taken by Zones 3 and 8 in the west quadrant 
would not be expected to provide miscibility to break- 
through of these zones. However, gas by-passing through 
previously swept zones would be expected to result in 
such high GOR’s that the pilot would be discontinued 
before these low permeability zones were swept out. In- 
jection of excess LPG to provide more LPG in the low 
permeability zones would result in the major portion of 
the excess LPG entering zones which have already 
taken LPG in excess of requirements for complete mis- 
cible sweep. 


CALCULATION OF LPG BREAKTHROUGH 
TO PRODUCTION WELLS 

The technique of calculation of flow in the pilot pat- 
tern is based on the following. 

1. The flow equation for an isolated, inverted five- 
spot pattern. 

=a 7.07 khAp 
in WS/r, — 


(9) 


2. Flow resistance data for various mobility ratios 
~as obtained from potentiometric model studies. (Eq. 9 
is applicable only for the case of unit mobility ratio.) 


TABLE 4—CALCULATED VOLUMES OF LPG INJECTED IN WEST QUADRANT 


LPG Volume Volumo Per cent LPG of 
Zone (cu ft) Oil Originally in Zone 
W-1 2100 12.0 
W-2 1625 12.9 
W-3 151 1.48 
W-4 1399 8.15 
W-5 3010 22.0 
W-6 850 7.8 
W-7 2545 13.6 
W-8 810 
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For the period of gas injection, it was assumed that 
(1) there is no residual oil saturation behind the front 
and k, =k, =k and (2) the mobility ratio is p/p, 
and is sufficiently large that it approaches infinite mo- 
bility ratio in performance. 


Eq. 9 was modified to be used with infinite mobility 


ratio by introducing the factor, R = oe 
Qa 
Then, 
7.07 khAp 
Ru. 
4 
: dV 
By letting q.. = Gis Eq. 10 may be written: 
Vv t 
7.0 
RdV = dt. (11) 
5 In WS/r, — In4 
4 
oO 
where V = SAhd(L — S,,) , 
and dV = Ahd(1 — S,,)dS. 
Making this substitution in Eq. 11, 
Ss 
7.07 KhApAt 
A 
(12) 
or 
Ss 
= In 4 
n ry — in 
(12a) 


For each zone in a given quadrant, a part of the 
right-hand side of Eq. 12a is a constant: 


7.07Ap 
5In WS/r,, — 1n4 
Au 
4 
and 
S 
C,kAt 


If Eq. 12b is solved for a specific time such as LPG 
breakthrough in one zone, the At term is constant for 
all zones, and Eq. 12b becomes 


Ss 


where C, = C,At. 


Values of R as a function of S have been obtained 
from potentiometric model studies for the case of in- 


finite mobility ratio. Fig. 6 presents a plot of Rds vs S. 


With Eq. 12c and Fig. 6, the value of S for each 
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zone in a quadrant of the pilot can be determined for 
a particular time such as LPG breakthrough in one of 
the zones. With the use of S, the total pore volumes in- 
jected and produced in each zone up until breakthrough 
of LPG and until breakthrough of injected gas can be 
calculated. 


For infinite mobility ratio in the isolated, inverted 
five-spot, S at the breakthrough has been determined to 
be 92 per cent of the square pattern area.’ At break- 
through of LPG, the 92 per cent is reduced by the per 
cent of the pattern area occupied by LPG and its mix- 
tures with driving and driven fluids. The volume of 
LPG and its mixtures at breakthrough in each zone 
were determined from the calculated volumes of LPG 
injected, and the laboratory evaluation of LPG mix- 
ing with distance traveled as described earlier. 


Gas PRODUCTION RATES AFTER 
LPG BREAKTHROUGH 


After LPG breakthrough in a given zone, there would 
be an interval of increasing production of LPG and, 
then, breakthrough of injected gas. It was assumed that 
there would be an increasing rate of excess gas produc- 
tion immediately after LPG breakthrough and that the 
rate of excess gas production would rapidly approach 
the excess gas rate obtained when injected gas breaks 
through the trailing edge of the gas-LPG mixing zone. 

As breakthrough of gas in each zone was obtained, 
it was assumed that the gas flow through the zone could 
be approximated by the flow equation for a developed 
five-spot.* 


(210 1.238 ) 
and for a quadrant of the five-spot, this gas flow would 
be divided by four, The flow equation for a developed 
five-spot is used because the area available for gas flow 


at breakthrough in the isolated five-spot approaches the 
area available for gas flow in the developed five-spot. 


Qo — 


44, 


The calculated excess gas rate with cumulative oil 
production from the west quadrant of the pilot is shown 
in Fig. 7. The gas rates between LPG breakthrough and 
gas breakthrough were estimated to follow the type of 
curve shown in Fig. 7 for each permeability bracket. 
For comparison, the actual trend in excess gas rate ob- 
tained in the operation is also shown. The early rise in 
the actual excess gas rate is probably partially due to 
local drawdown below the bubble point near the well. 
It is of interest to note that the observed excess gas 
rate exhibited tendencies to remain as plateaus, as would 
be expected in the case of permeability stratification. 


Fig. 8 shows the calculated GOR performance, using 
excess gas rate data from all quadrants, for the over-all 
pattern as compared to actual performance. It is be- 
lieved that there is reasonable agreement in actual per- 
formance with calculated performance, considering the 
necessary assumptions involved in the calculation. 


As may be seen in Fig. 3, the producing GOR was 
not excessive when the LPG-gas phase of the project 
was terminated. In a field-wide application, recycling of 
the produced gas would probably continue to higher 
values and, hence, higher recoveries. However, it was 
possible that excessive recycling could extend the swept 
regions outside the 10-acre area because of the per- 
meability stratification. If this happened, optimistic re- 
covery factors would be indicated, Because of the lim- 
ited cycling which did occur and the mobility ratio con- 
siderations which would minimize growth of the swept 
area after breakthrough, little recovery, if any, from 
outside the pilot area occurred. 


A quantitative interpretation of the recovery and 
GOR performance of the pilot after water injection is 
difficult. Two of the wells indicated stabilized reduced 
GOR’s, and two wells, after an initial GOR decrease, 
returned to their pre-water injection GOR’s. In the two 
wells with the reduced GOR’s, the oil production rate 
increased significantly. Qualitatively, water injection was 
least effective in the west well (which had the largest 
volumetric sweep efficiency prior to water injection) 
and in the south well (which has the most uniform per- 
meability profile). The recovery obtained after water 
injection (Table 2) does not represent the maximum 
amount of oil that could be recovered after blocking 
the more permeable sections of the sand with water. 
The additional recovery at a reduced GOR indicates an 
improvement in vertical sweep efficiency. 
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CONCLUSIONS 


1. Miscible fiooding is a practical means of pressure 
maintenance in the North Pembina area of the Cardium 


reservoir. Cumulative recoveries in excess of 72 per cent — 


of the effective oil in place were obtained from the pro- 
ducers in the pilot area, despite initial breakthrough of 
the LPG front after a recovery of only 10.8 per cent. 


2. The agreement between calculated performance 
and actual performance of the Pembina pilot LPG flood 
indicates that the more important factors which con- 
trol performance have been recognized and reasonably 
evaluated. It is believed that performance of LPG floods 
in other areas of the field with different patterns and 
well spacing can be predicted with reasonable accuracy. 


- 3. Permeability stratification was a dominant factor 
in controlling performance and oil recovery. 


4. The effects of permeability stratification — exces- 
sive gas cycling and poor vertical sweep efficiency—can 
be reduced by injecting a slug of water into the partially 
swept reservoir. 

5. Oil displacement from the swept pore volume was 
substantially complete, based on the results of the an- 
alysis in which complete oil removal is a key assump- 
tion. Also, the use of areal sweep pattern efficiencies 
determined from laboratory models for the case of in- 
finite mobility ratio appears to be applicable to this op- 
eration. 

6. Use of a larger volume of LPG would not have 
significantly improved oil recovery. 
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NOMENCLATURE* 


C,,C, = constants 
R = ratio of q; to q 
S = per cent of pattern area swept by driving 
fluid 
t = time, days 
T = temperature of formation, °R 
WS = distance between wells, ft 
SUBSCRIPTS 
iw = injection well 
interface between LPG and oil 
LPG = LPG (liquified petroleum gas) 
r =radius across pressure gradient between 
wellbore and reservoir 


w = well (r,,) or water (S,,) 
1 and «© = mobility ratios, one and infinite, respectively 


= 
II 
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The Alcohol Slug Process for Increasing Oil Recovery” 
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This study defines the basic mechanism of the mis- 
cible displacement of oil and water from porous media 
by various water-driven alcohol slugs. Three distinct al- 
cohol slug processes were studied, Considerable data 
concerning the quantity of alcohol required for oil re- 
covery were also obtained. 

All data were obtained in a I-in. diameter, 100-ft 
long, unconsolidated core. The porosity of this system 
was 35 per cent, and the permeability was approxi- 
mately 4 darcies, Total core pore volume was 5,716 cc. 
All displacements were conducted at a constant injec- 
tion rate of 5 to 6 cc/min, which corresponds to a fron- 
tal advance of 5 to 6 ft/hr. 

The first portion of this paper is concerned with the 
use of one alcohol—isopropyl—as the slug material. 
Isopropyl alcohol (IPA) is completely miscible with 
both oil and water; however, miscibility of the three- 
component systems, oil-water-IPA, requires a relatively 
high concentration of IPA. Hence, the displacement is 
not of the miscible type unless the IPA concentration is 
maintained above some critical value. A slug of IPA 
equal to only 13.5 per cent of the pore volume was 
found to be sufficient to obtain complete recovery of 
residual naphtha. 

In later studies two distinct process variations were 
developed. The first of these utilized methyl alcohol 
(MA) and IPA as slug materials. It was shown that 
methyl alcohol may be substituted for IPA at the front 
and rear of the slug with no loss of oil recovery. A slug 
of 4 per cent MA-4 per cent IPA-4 per cent MA 
was sufficient for complete oil recovery. Because MA 
is considerably cheaper than IPA, this represents an 
important step toward economic application. 

A second process variation used normal butyl alco- 
hol (nBA) and MA as the composite slug, the nBA 
segment being injected first. This technique requires the 
smallest total slug size (approximately 10 per cent) of 
all processes studied. The high cost of nBA, however, 
precludes commercial application. It is possible that this 
basic process, subject to changes of alcohol type, may 
lead to a commercial process. 


TION 


Within the last 10 years, considerable study has been 
devoted to the general mechanics of miscible phase dis- 
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placements in porous media. These studies have, in 
general, dealt with two-component displacement. All 
reported field trials to date have been modified gas 
drives of cne type or another. These utilize either lean 
gas at high pressure, rich gas at lower pressure or an 
LPG slug. The irreducible water content of the reser- 
voir remains immobile during these processes. 

Although these techniques hold great promise, cer- 
tain drawbacks do exist. Poor areal sweep efficiency, 
inherent in any displacement having a highly unfavor- 
able mobility ratio, is one disadvantage. Furthermore, 
the miscibility of all processes which use gas is depen- 
dent on pressure. These pressure limitations may pro- 
hibit application to shallow reservoirs. There are also 
many areas where large quantities of LPG and natural 
gas are not readily available. These factors emphasize 
the need for improved techniques. 

The alcohol slug process is also a miscible-phase dis- 
placement process. It differs from the previously men- 
tioned two-component techniques, however, in that both 
the reservoir oil and water are displaced by the slug. 
This behavior is a consequence of the miscibility of cer- 
tain oil-water-alcoho] systems. In the simplest case, a 
relatively small volume (slug) of an alcohol (such as 
isopropyl) is injected into the system. Water is then 
used to drive the slug through the medium. Thus three 
components—alcohol, oil and connate water—exist at 
the front side of the slug. Miscibility is obtained at 
some alcohol concentration, this being dependent on the 
solubility of the particular system. Miscibility is main- 
tained within the slug until the alcohol concentration 
falls below that value required to maintain miscibility. 
When miscibility is lost, the process reverts to a water 
flood. Certain inherent benefits of this technique are 
apparent. High pressures are not necessary to obtain 
miscibility in these liquid systems. Furthermore, water 
is a more desirable driving agent than gas because of 
the improved mobility ratio and the attendant improve- 
ment in areal sweep efficiency. The main disadvantage 
is, of course, the relatively high cost of alcohols. 

The use of an alcohol slug to recover reservoir oil 
is not a new idea.** However, this process has received 
only limited study, presumably due to the lack of in- 
dustrial interest caused by the seemingly prohibitive cost 
of alcohols. The main purpose of this study was to 
investigate the mechanism of the displacement of oil 
and water by various alcohol slugs and to develop pro- 
cess modifications aimed toward possible commercial 
application. 


*References given at erd of paper. 
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EXPERIMENTAL APPARATUS, MATERIALS 
AND GENERAL PROCEDURE 


_The porous medium used in this study was a 1-in. 
diameter, 100-ft long unconsolidated core which was 
made with Ottawa sand having a grain size distribu- 
tion from 50 to 200 mesh. This core was suspended 
vertically in a well; the flow direction was downward 
in all cases. The porosity was 35 per cent, and the per- 
meability was approximately 4 darcies. The pore vol- 
ume was 5,716 cc. A constant-rate pump allowed all 
runs to be made at constant injection rates of approxi- 
mately 5 cc/min, which corresponded to a frontal ad- 
vance of about 5 ft/hr. A filter, composed of a sand- 
packed tube, assured exclusion of any core plugging 
materials. Before changing the input fluids, the filter 
and all connecting lines were quickly purged with the 


new fluid, thereby eliminating the effect of any mixing __ 


in the pump, filter or connections. The effluent was 
brought to the surface through a return line made of 
¥g-in, OD copper tubing. The use of such a return line 
does not result in any measurable lengthening of the 
mixing zone.” Pertinent properties of all test fluids are 
given in Table 1. 


In most cases the alcohol slug runs were initiated with 
the core at “practical residual oil” saturation. Several 
tests were made, however, at “practical irreducible 
water” saturation. These were practical residuals and 
irreducibles in that the core was flooded with either 
water or oil until the displaced fluid content in the ef- 
fluent was 1 per cent or less. 


The entire effluent from each run was collected as 
50-.or 100-cc samples and analyzed. In runs using only 
IPA, the effluent was rigorously analyzed for. percen- 
tages (by volume) of all three fluids (water, oil and 
IPA), using refractive indexes and ternary diagram 
data.” Effluents from runs using complex slugs (com- 
posed of more than one alcohol) were generally checked 
for oil content only. All runs were made at approxi- 
mately 20°C. 


ISOPROPYL ALCOHOL RUNS — OIL 
RECOVERY DATA 


In the first series of tests only IPA was used as the 
slug material. The core was first waterflooded or oil- 
flooded, depending on the run. The desired volume 
(slug) of IPA was then injected, after which the in- 
put was switched to water, the driving fluid. Two oils, 
naphtha and Soltrol-C, were used extensively in these 
displacements. A viscous oil (u = 16 cp) was used in 
only one run. The solubilities of these systems are 
given in Fig. 1. Oil recoveries are, in all cases, expressed 
as percentages of residual oil recoveries, i.e., per cent of 
the oil not recovered by water flooding. In runs not 
initiated at S,,, the oil recovery was computed on the 
same basis by subtracting a standard waterflood recov- 
ery from the total oil recovered. Oil recovery data are 
given in Table 2 and Fig. 2. Note that, in a system con- 


TABLE 7 —- PHYSICAL PROPERTIES OF TEST LIQUIDS, 20°C 
Density Viscosity 
Liquid (gm/cc) (cp) 
Naphtha 0.729 0.52 
Soltrol-C 0.751 
Kendex 0837 0.850 16.0 
Distilled Water 0.998 1.0 
Methy! Alcokel 0.786 0.60 
lsopropy! Alcohol 0.781 1.9 
Normal Buty! Aicohol 0.810 2.9 
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taining residual oil (waterfiooded), a'13.5 per cent IPA 
slug achieved complete naphtha recovery (Runs 1 and 
2), while a 16 per cent slug recovered 98 per cent of 
the residual Soltrol-C (Run 11). Thus, it is apparent 
that complete oil recovery may be obtained by this 
process. 


Fig. 2 shows the oil recovery vs IPA slug size for 
runs initiated in previously waterflooded systems. An 
interesting but probably not too critical factor was the 
marked decrease of recovery with reduction of slug 
size, indicating that no oil recovery might be expected 
with about a 7 per cent slug. Certainly a small slug 
completely displaces all encountered oil until it “breaks 
down”, and it therefore might be expected that this oil 
should be produced. The abruptness of this recovery de- 
crease, which shows that such oil was not recovered, is 
believed to be due to a shifting of the relative per- 
meability curves caused by a change in saturation his- 
tory.” This hysteresis of the relative permeability curves 
is a well known effect,’ and in this case may have been 


- aggravated by a wettability change. It is felt that the 


decrease of recovery with slug size would not be as 
critical in consolidated systems having a larger initial 
residual oil content. This conjecture is somewhat jus- 
tified by Fig. 2 which shows the Soltrol system (S,,. = 
15 per cent) to have a higher percentage recovery than 
the naphtha system( S,, = 7 per cent) for slugs smaller 
than 9 per cent. 


Comparison of recovery data from runs in the naph- 
tha system indicates that appreciably more IPA is re- 
quired in runs made at S,,, than at S,, (Runs 3 and 9, 
Table 2). The Soltrol-C data (Runs 11 and 14, Table 
2) do not show such a pronounced difference. This 
variation in the dependence of slug requirement on oil 
and water saturations is difficult to explain. It may be 
a result of the relatively high flow rate, the variation of 
residual oil in the two systems (which makes the naph- 
tha system more susceptible to the hysteresis effects just 
described) or a combination of these and perhaps other 
factors. 


When water is not initially present in the system, 
oil can be displaced with a smaller slug. Run 7, con- 
ducted by injecting a 4 per cent IPA slug into a com- 
pletely oil-saturated system, confirms this statement. 


AT 


SS 
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TABLE 2 — OIL-RECOVERY DATA FOR IPA RUNS 


Initial Per Cent Oil Volume 
Run Core Total Core Oil Residual Oil Lefi in 
ber Condition Pore Volume Used Recovered Core, 
WF N 100 0 
3 WF 10 N 82 72 
4 WF 9 N 46 215 
5,6,8 WF 8 N 8. 5** 
7 So = 100 per cent 4 N 72.5 110 
9 Swi 10 N 23 300 
10 Swi 13 N 87 53 
11 WF 16 Ss 98 15 
12 WF 10 BS) 59 306 
13 WE 8 3 714 
14 Swi 16 S 96 32 
15 Swi 34* K 100 0 
*Estimated as minimum slug for 100 per cent cil recovery from ‘‘infinite’’ slug run histories. 
** Average of 7.5, 8, 10. 
*** Average of 361, 368, 370. 
WF = Water Flooded N = Naphtha 
So = Oil Saturation S = Soltrol-C 
Swi = Irreducible Water Saturation K = Kendex 0837 


The oil recovery in Run 7 was relatively high compared 
with the other runs, which clearly indicates that the 
initial presence of two phases (oil and water) within 
the core increases slug requirement. 


DISPLACEMENT MECHANISM OF IPA SLUG 


With the experimental system used, it was not pos- 
sible to obtain an instantaneous “look” at the concentra- 
tion or saturation profile through the core. The only 
available data were the composition histories of the ef- 
fluents. For “infinite” or “near-infinite’ slugs (those 
yielding approximately 100 per cent oil recovery), the 
effluent history closely represents the fluid distribution 
within the core because the rate of mixing-zone growth 
is quite slow after 100 ft of travel. 


Fig. 3 shows the composition history for the efflu- 
ent of Run 2 which used an infinite IPA slug in a pre- 
viously waterflooded naphtha system. Note that a sepa- 
rate curve is shown for each component (water, naph- 
tha, IPA), the sum of these being 100 per cent at all 
times. The abscissa is given as pore volumes injected 
(or time). Fig. 4 is a similar plot for Run 14 using 
Soltrol-C as the oil, with the system originally existing 
at irreducible water saturation. The IPA slug for the 
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Soltrol-C run was not quite infinite because the oil re- 
covery was only 96 per cent. 

Consideration of Figs, 3 and 4 shows that, for an in- 
finite IPA slug displacement, the effluent may be di- 
vided into four periods or stages. 

Stage 1—Effluent content during this period depends 
on the initial core condition, which in the case of Fig. 
3 (Run 2) was a previously waterflooded, residual oil 
situation. Hence during this period, only water was pro- 
duced. If the run had been initiated at irreducible water 
saturation, only oil would have been produced during 
this stage. (See Fig. 4.) . 

Stage 2—This stage of production history is charac- 
terized by the two-phase flow of oil and water before 
alcohol breakthrough. The slug has banked up the oil 
content to the saturation necessary for stabilized two- 
phase flow. It is readily shown that the flowing water- 
oil ratio in this stage depends on oil viscosity and the 
relative permeability characteristics of the sand.*’ Note 
that during this stage the oil content builds up sharply 
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to some stable value (33 to 35 per cent for the naphtha 
runs and 42 to 48 per cent for the Soltrol runs) and 
remains relatively constant thereafter. 


Stage 3—This period is also characterized by two- 
phase flow, but there are now three components in each 
phase—water, oil and IPA. Hence the phases are mix- 
tures of components, i.e., an oil-rich layer and a water- 
rich layer. If phase equilibrium is assumed, these lay- 
ers must be conjugate solutions whose compositions are 
given by the points at the opposite ends of the tie lines 
on the respective ternary diagrams (Fig, 1). Detailed 
discussions of ternary diagrams are available in numer- 
ous texts and other papers.*’ As the run progresses, the 


oil-rich layer gradually disappears and the effluent be- 
comes miscible. 


Stage 4—During this period the effluent is miscible 


(single phase), grading from a three-component mix-— 


ture to pure IPA, then to water-IPA and finally to water 
at the back side. 


~ Using the effluent history as a guide, it is possible to 
reconstruct the approximate fluid distribution as it ex- 
isted in the core. This is shown in Fig. 5. In this case 
the system is divided into four zones, analogous to the 
Stages described previously. The relative sizes of Zones 
3 and 4 are exaggerated for clarity. Actually, these mix- 
_ing zones Occupy a much smaller fraction of the total 
length. Also note that the relative positions of the zones 
in Fig. 5 are reversed to the effluent histories of Figs. 
3 and 4. 
Zone I]—This section of the core contains either 
residual oil and water or oil and irreducible water, de- 
pending on the case. 


- Zone 2—In this zone, the oil and water saturations 
are the same as the percentages of each fluid in the 
Stage-2 effluent. 


Zone 3—The lack of symmetry of the IPA front in 
this zone is believed to be caused by the non-ideal vis- 
cosity behavior of alcohol-water solutions, which exhibit 
a maximum viscosity at intermediate concentrations.” 
The contents of this zone are again almost identical to 
the effluent history during Stage 3, There is, however, 
one significant difference. As long as two phases exist, 
there must be a residual or immobile saturation; hence, 
the oil saturation cannot reach zero in this zone. This 
suggests that there is a discontinuity of oil saturation 
across the boundary between Zones 3 and 4. Reference 
to Figs. 3 and 4 shows that there is a relatively abrupt 
increase in effluent oil content at this point. This was 
also apparent in other runs. The residual oil saturation 
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which “feeds” into the miscible zone is probably less — 
than the normal waterflood value because of the gradual 
decrease in interfacial tension between the phases as 
miscibility is approached. Numerous flow tests using 
surfactant solutions have shown, however, that little 
change of relative permeability characteristics occurs 
as interfacial tension is reduced until the value is very 
close to zero (miscibility). In any case, a relatively ab- 
rupt change in oil-layer saturation (and total oil con- 
centration) may be expected at the miscible boundary. 

Zone 4—This is the miscible zone; the entire fluid 
content is mobile. Composition is identical to Stage 4 
of the effluent history of an infinite slug. This zone acts 
as a “miscible piston” and displaces all fluid ahead of it. - 


Despite the simplifications made, these zone and/or 
stage concepts are believed to be a valid representation 
of the mechanism involved. 


CORRELATION OF SLUG REQUIREMENT 


In reviewing the literature it was noted that the mix- 
ing-zone length for two-component displacements con- 
ducted at constant path length seemed to vary as a linear 
function of logM,”” where M is the mobility ratio. In 
two-component miscible displacements, the mobility ra- 
tio reduces to the viscosity ratio of the two fluids in- 
volved. It is readily shown that the volume of displacing 
material contained in such a mixing zone is directly 
proportional to the zone’s length, assuming a symmet- 
rical front shape: Therefore, it is possible to correlate 
slug requirements on the same basis. 


Fig. 6 is a plot of IPA slug requirements for com- 
plete oil recovery as a function of mobility ratio () 
at the front side of the slug, M being computed, 

where = Oil viscosity, 
[ts = viscosity of slug materia] (taken as IPA 
viscosity ), 
S,. = oil saturation in Zone 2, and 
k,, = relative permeability to oil in Zone 2 at S,,. 

The oil saturation in Zone 2 is obtained by solving 

simultaneously Eqs. 2 and 3. 


where uw. Go. — flow rates in Zone 2 of water and oil, 
respectively. 


where k,,., k,. = relative permeability in Zone 2 of 
water and oil, respectively. These equations assume a 
sharp piston displacement at the oil-water-IPA front. 
This scheme is basically similar to that of Wilson, ef al,’ 
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in their treatment of the in situ combustion process. 
Eqs. 2 and 3 also enable the producing behavior of 
linear systems subjected to infinite IPA slug displace- 
ment to be predicted.’ 


Note in Fig. 6 that M > 1 for all oils used, despite 
the fact that both naphtha and Soltrol-C have lower vis- 
cosities than IPA. While only three points are available, 
it is apparent that the correlation seems valid. There is, 
however, another variable which is not considered ex- 
plicitly—the relative solubilities of the three systems. 
(See Fig. 1.) Evidently, the effect of solubility for these 
oils is small compared to that of the mobility ratio. This 
might also be explainable on the basis of preferential 
water extraction, i.e., the fact that the effluent becomes 
miscible at about the same IPA concentration despite 
the poorer solubility of the Soltrol and Kendex systems. 
This may be seen in Figs. 3 and 4. Note that, even 
though the maximum iPA concentration on the two- 
phase envelope (Fig. 1) is 10 per cent lower for naph- 
tha, the effluent actually becomes miscible at about the 
same IPA concentration for both oils (Soltrol-C and 
naphtha). This is true probably because of the preferen- 
tial extraction and displacement of water in the early 
stages of mixing-zone formation. Therefore, it appears 
that logM may be a satisfactory correlating variable 
for infinite IPA slug requirement, at least over the range 
studied. 


BEHAVIOR OF PARTIALLY EFFECTIVE IPA SLUGS 

By using a simplified scheme, it is possible to vis- 
ualize what happens when a partially effective IPA slug 
is used, Fig. 7 shows the idealized concepts involved. 
As before, the system is assumed to have been water 
flooded prior to slug injection. Hence, the original oil 
saturation is the residual value, S,,. It is assumed that 
the slug moves some distance (x,) prior to breakdown, 
displacing all oil from the core to this point (Fig. 7a). 
When loss of miscibility occurs, the slug abruptly begins 
to by-pass oil (Fig. 7b). At the end of the run, the fluid 
distribution is as shown in Fig. 7c. Note that the new 
residual oil saturation in the x, section of the system 
is denoted as S’ According to the experimental evi- 


dence previously discussed, S’ > S,. If a 


partial slug would naturally recover the portion of the 
oil swept from the core prior to its breakdown. For the 
case when $’ > §_, the degenerated alcohol front be- 


gins to overtake the front of the oil bank; i.e., vy, > v, in 
Fig. 7b. The limiting case for no oil production occurs 
when x./L = S/S’. Inspection of Fig. 2 shows that 


this occurs when about a 7 per cent IPA slug is used. 


COMBINATION ALCOHOL SLUGS — 
METHYL-ISOPROPYL 


It is clear, from both the run histories and the solu- 
bility data of oil-water-IPA mixtures, that a large por- 
tion of the IPA slug is used to displace water. For ex- 
ample, the ternary diagram for Soltrol-C shows that 
70 per cent IPA is required in the water-rich layer to 
achieve 10 per cent IPA in the conjugate oil-rich layer, 
assuming equilibrium between the phases. This means 
that the front portion of the IPA slug is being used 
largely to displace water. It therefore would appear de- 
sirable to inject a small slug of a cheaper, more prefer- 
entially water-soluble alcohol ahead of the IPA slug to 
displace water and at the same time reduce the IPA 
requirement. Methyl alcohol, which is completely mis- 
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cible with water but shows only limited solubility with 
oil in the presence of water, was chosen as the “buffer- 
zone” material. 


The methyl] alcohol is assumed to flow mainly through 
the water-transporting pores, thereby displacing more 
water than oil. In this case, the subsequently injected 
isopropyl alcohol does not encounter a water-oil sys- 
tem but, instead, meets an immiscible mixture of methyl 
alcohol and oil. This mixture is more readily miscible 
with IPA. For example, only 8 per cent IPA is required 
for complete miscibility of the naphtha-methyl] alcohol- 
IPA system. Loss of miscibility in the IPA-MA-oil mix- 
ing-zone will not occur until either the IPA concentra- 
tion falls below the required value or until water enters 
this zone. Water may encroach into this mixing zone 
from two sources—from behind (due to degeneration 
of the IPA slug) or from the front (due to degenera- 
tion of the methyl-alcohol buffer zone). 


By similar reasoning, it is apparent that a second 
buffer zone of MA may be injected behind the IPA 
slug to give protection from the displacing water. In 
principle, this should further preserve the oil solubility 
of the IPA while using the cheaper methyl alcohol as 
a mixing zone material at the rear of the slug. Actually, 
this process variation merely entails substitution of the 
cheaper methyl alcohol for IPA in selected sections of 
the slug. 


The oil recoveries observed in a series of runs made 
to test this process variation are given in Table 3. No 
satisfactory method was devised for accurate analysis 
of the effluent due to the complicated nature of the 
four-component system. It was relatively easy, however, 
to determine the oil content of effluent samples by di- 
luting them with water. 


Examination of the recovery data of Table 3 clearly 
shows that methyl alcohol can be substituted for IPA 
in the postulated manner. Note that 4 per cent MA in- 
jected ahead of an 8 per cent IPA slug gave complete 
oil recovery (Run 16). The 8 per cent IPA slug, with- 
out the MA buffer, recovered only 814 per cent of the 
oil (as previously reported in Table 2). In fact, the 
addition of 4 per cent MA was equivalent to adding 
5% per cent IPA because a 1314 per cent IPA slug was 
required for 100 per cent oil recovery in the naphtha 
system. Run 18 shows, however, that an IPA slug of 
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\ASLE 3 — OIL RECOVERY FROM VARIOUS MA-IPA SLUG COMBINATIONS 


Per cent 
Run Slug Composition Oil eae Oil Vol. 
No. 2 (per cent) Used Recovered Left in Core (cc) 
16 4 MA—8 IPA N 100 0 
17 10 MA—11 IPA N 100 0 
18 4 MA—4 IPA N 15 394 
19 4 MA—4 IPA—4 MA N 96 17 
20 4 MA—2 |PA—4 MA N 4 384 
21 2 MA—4 !PA—2 MA N 26 296 
22 4 MA—4 IPA—2 MA N 73 112 
23 4 MA—4 IPA—4 MA Ss 28 647 
24 4 MA—6 IPA—4 MA S 86 129 


NOTE: Slugs listed in order of injection, slug sizes expressed as per 
cent of total core pore volume, and core water flooded before all runs. 
Abbreviations used: MA = methyl 


alcohol, 
N = naphtha, S = Soltrol-C. 


IPA = isopropyl alcohol, 


considerable size is still required because the recovery 


of a 4 per cent MA-4 per cent IPA slug was only 


1% per cent (about 6 cc), However, addition of 4 
per cent MA at the rear of the slug (Run 19) allowed 
96 per cent oil recovery to be obtained, even though 
the IPA content was still only 4 per cent. This run veri- 
fied the additional benefit of using a second methyl- 
alcohol buffer at the rear of the slug. Runs 20, 21 and 
22 show the variation of oil recovery with other slug 
sizes. Although no optimum is precisely defined, it ap- 
pears that the slug used in Run 19 (4-4-4 by per cent) 
~ was about the critical size for near-complete naphtha 
recovery. 


Runs 23 and 24, made with Soltrol-C as the oil, show 
similar results. Note that the IPA requirement was 
higher for near-complete oil recovery. This was to be 
expected in view of the poorer solubility and higher oil 
viscosity of this system. 2 


A significant difference between these MA-IPA slu 
runs and those using only IPA is the increase of oil 
content in the miscible portion of the effluent. For ex- 
ample, the effluent of Run 16 became miscible at 50 per 
cent oil content, which was made possible by the prior 
displacement of water by the leading segment of methyl 
alcohol. Although no attempt was made to determine 
the concentration of individual components in the efflu- 
ent, it is clear that the mechanism behaved in about the 
predicted manner. This combination slug process greatly 
improves the economic potential of the alcohol slug 
process. 


COMBINATION ALCOHOL SLUGS — 
NORMAL BUTYL-METHYL 


The same line of reasoning which led to use of the 
methyl-alcohol buffer zones resulted in another ap- 
proach to the problem. It would appear logical that a 
combination slug, composed of an oil soluble-water in- 
soluble alcohol followed by methyl alcohol, should also 
recover residual oil. The oil-soluble alcohol (normal 
butyl) is injected first. MA is then injected as the sec- 
ond segment of the slug. Water is again used to drive 
the slug. The following behavior was postulated. 

Since nBA has very limited solubility with water, it 
may be expected to behave as an oil phase when in- 
jected into an oil-water system, The nBA, therefore, 
flows through the oil-transporting pores, miscibly dis- 
placing oil. The methyl-alcohol segment of the slug does 
not encounter an oil-water condition but meets an im- 
miscible mixture of normal butyl alcohol and water. 
This mixture is very readily miscible with MA; only 16 
per cent MA is required for complete miscibility of any 
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water-nBA mixture, Consideration of this process in- ~ 
dicates several possible advantages over the MA-IPA 
combinations. First, the oil bank is displaced ahead of 
the water, thereby giving an earlier oil breakthrough 
with a consequent shortening of the oil-producing time. 
Second, the number of “miscible interfaces” has been 
reduced from four in the MA-IPA process to three. 
Since the dissipation of any such front requires slug 
material, the total slug volume should be reduced by 
this process. Third, the oil-displacing material is, in 
this case, largely confined to the oil-conducting pores. 
This gives a longer slug for a given volume, which 
therefore should not degenerate so quickly. It is also 
possible that other higher alcohols, crude alcohol mix- ~ 
tures or even other liquids might be satisfactory choices 
for the oil-soluble (nBA) segment. 


A series of runs were again made to test the proposed 
theory. It was possible, in this case, to obtain some 
semi-quantitative data regarding total effluent compo- 
sition.” Fig. 8 shows the effluent history of Run 25. 
Note that composition by layers (phases) is shown up 
to the time the effluent became miscible. Miscibility 
occurs at 0.985 PVI (pore volume injected) and is in- 
dicated by the vertical line at that point, Soltrol ap- 
peared in the effluent quite early (0.53 PVI) and rap- 
idly built up to about the prescribed Zone-2 saturation. 
Normal] butyl alcohol appeared in the oil layer at about 
0.835 PVI, increasing to 100 per cent of the oil layer 
by about 0.95 PVI. Oil recovery was complete at this 
point, which indicates that an excessive nBA slug was 
used. The nBA content of the water layer was 7 per 
cent at this time, this being the limit of nBA-water so- 
lubility. Methyl alcohol appeared in the water layer at 
about 0.94 PVI and was detectable in the oil layer 
shortly afterwards. The effluent abruptly became mis- 
cible at 0.974 PVI, with no gradual disappearance of 
either layer. This happens if the two-phase region is 
left at a composition near the plait point; i.e., the two 
layers merge evenly. The approximate composition of 
the miscible portion of the effluent is shown by the 
three curves for water-nBA-MA, respectively. Thus, the 
behavior followed the proposed theory. The nBA pref- 
erentially displaced oil and was in turn displaced by 
the methyl-alcohol slug at the rear. In this case the mis- 
cible piston was furnished by the nBA-MA-water mix- 
ing-zone. 


Table 4 lists the oil recoveries obtained from runs 
of this type. It is clear that, for the infinite or near-in- 
finite cases, the behavior of these runs followed the 
theoretical pattern. It is therefore apparent that this 
further variation of the alcohol slug process offers an- 
other approach to field application. Note that Run 30 
utilized a total slug of 10 per cent and recovered 88 
per cent of the residual oil. This equals the recovery 
from a 13 per cent, simple IPA slug and a 14 per cent 
combination slug of the MA-IPA type (4 per cent MA- 
6 per cent IPA-4 per cent MA). This reduction of 
total slug requirement bears out the postulated advan- 
tage stated earlier, It is also apparent from Fig. 8 that 
the oil bank arrives much earlier (lower PVI) for this 
type of run. 


Several peculiarities are also apparent in the oil- 
recovery data of Table 4. Note that recoveries from 
Runs 27 and 28 were lower than those from Runs 26 
and 29, even though the total slug size was larger. This 
was a reproducible difference, although Runs 26 and 29 
were not highly reproducible themselves. The only dif- 
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ference between the two sets of runs was the amount 
of methyl alcohol used—6 per cent in Runs 27 and 
28 vs 4 per cent in Runs 26 and 29. This anomaly was 
believed to be caused by the three-phase nature of the 
four-component system, oil-water-nBA-MA. Although 
no attempt was made to determine the phase relation- 
ships of this system, several effluent samples were ob- 
served to separate into three distinct, immiscible liquid 
layers. Evidently the larger MA slug provided the 
proper four-component mixture to give three phases 
more readily. This, in turn, complicated the flow me- 
chanics and resulted in either an earlier loss of mis- 
cibility or a higher residual oil saturation, or both, The 
limited data and sample analysis technique did not per- 
mit detailed study of this point. 


PRACTICAL SIGNIFICANCE OF OIL RECOVERY 
VS SLUG-SIZE DATA 


It is recognized by the authors that the slug size vs 
oil-recovery data presented here are not necessarily ap- 
plicable to any set of conditions other than those under 
which the data were obtained. The effects of actual 
crude oils, porous media properties, flow rate, path 
length, improper scaling, etc., make it impossible to 
predict actual field requirements from these data. Con- 
sideration of path length and flow-rate effects, as based 
on published data for two-component miscible displace- 
ments, indicates that these slug requirements may be 
excessive. The sensitivity of an unconsolidated core to 
the relative permeability hysteresis effect also suggests 
that partially effective slugs should recover a greater 
percentage of the residual oil from an actual reservoir 


TABLE 4 — OIL RECOVERY FROM VARIOUS nBA-MA SLUG COMBINATIONS 


Slug Per Cent Oil Vol. 
Run Composition Resid. Oil Left in 
No. (per cent) Recovered Core (cc) 
25 8 nBA—8 MA 100 0 
26 4 nBA—4 MA 64 327 
27 4 nBA—6 MA 35 585 
28 4 nBA—6 MA 36 575 
29 4 nBA—4 MA 52 437 
30 6 nBA—4 MA 88 105 


NOTE: All runs made in waterflooded Soltrol-C system. Slugs listed in 
order of injection. 


Abbreviations: nBA = normal butyl alcohol, and MA = methyl alcohol. 
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system; i.e., the recovery decline with reduction of slug 
size should be less abrupt. On the other hand, the gen- 
erally accepted effects of such factors as crude-oil prop- 
erties, water salinity, consolidation and permeability ir- 
regularities of actual reservoir rocks and improper scal- 
ing indicate that the slugs used herein may be too small. 


These arguments are by no means settled for the case 
of the much simpler two-component displacements. 
Therefore, no claims are made as to any specific appli- 
cability of these data to actual reservoir conditions. 
What is demonstrated, however, is that the alcohol slug 
process is another possible means of obtaining nearly 
complete oil recovery from petroleum reservoirs. 


SUMMARY AND CONCLUSIONS 


As a result of this study, the following conclusions 
were reached. 


1. The displacement of oil and water from porous 
media by various alcohols is technically possible. Three 
distinct processes of this type have been investigated 
and mechanistically defined. 


2, The basic mechanism of the displacement of oil 
and water by isopropyl alcohol is given qualitatively by 
Fig. 5 and the associated discussion. 


An IPA slug acts as a miscible piston, completely dis- 
placing both oil and water, until the alcohol content 
of the mixing zone falls below the concentration neces- 
sary to maintain miscibility, Loss of miscibility causes 
the process to revert to a water flood, subject to hystere- 
sis of saturation history effects. 


The oil and water contents of the stabilized banks 
ahead of the slug (Zone 2, Fig. 5) depend on oil vis- 
cosity and the relative permeability characteristics of 
the sand. The flowing volumetric percentages of oil and 
water in Zone 2 are equal to their respective saturations 
in Zone 2. 


The initial oil and water saturations of the core do 
not appreciably affect the flow behavior but only affect 
the breakthrough time of the oil (or water) bank, i.e., 
the front of Zone 2. 


3. The IPA slug requirement necessary for complete 
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oil recovery was found to correlate as a linear func- 
tion of logM where M = mobility ratio as defined by 
Eq. 1. This correlation (Fig. 6) assumes constancy of 
other variables and was based on data from displace- 
ments using three oils having viscosities of 0.5, 1.5 
and 16 cp. Actual oil recoveries obtained with various 
sizes of IPA slugs are given in Fig. 2. 


4. Methyl alcohol may be substituted for IPA at 
the front and rear of the alcohol slug. These MA slugs 
act as buffer zones, protecting the IPA from water di- 
lution and, thereby, preserving its ability to displace oil. 
This process represents a significant improvement over 
the original IPA process. 


5. The normal butyl-alcohol process, which consists 
of two successive slugs (nBA followed by MA), proved 
to be a second successful process variation. This process 


has two major advantages: (a) total oil recovery is at-~ 


tainable with a smaller total slug than by either the 
simple IPA or MA-IPA process; and (b) oil recovery 
is attained by a lower total throughput volume because 
the oil bank is moved forward with respect to the water 
in Zone 2 (Fig. 8). ; 
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The Volumetric Behavior of Natural Gases Containing 
Hydrogen Sulfide and Carbon Dioxide 


D. B. ROBINSON 
Cc. A. MACRYGEORGOS 
G. W. GOVIER 
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Experimental data have been obtained on the volu- 
metric behavior of ternary mixtures of methane, hydro- 
gen sulfide and carbon dioxide at temperatures of 40°, 
100° and 160°F up to pressures of 3,000 psia. The 
results indicate that the compressibility factors for this 
system do not agree with compressibility factors. for 
sweet natural gases at the same pseudo-reduced condi- 
tions. The deviation increases as the temperature and 
methane content decrease. Discrepancies of up to 35 
per cent were observed. 


A careful analysis has been made of the existing 
published data on compressibility factors for binary 
systems containing light hydrocarbons and hydrogen 
sulfide or carbon dioxide. It has been found that the 
deviation of actual from predicted compressibility fac- 
tors fer methane-acid gas mixtures is a function of the 
methane content and the pseudo-critical properties of 
the mixture. The ratio between actual compressibility 
factors for methane-acid gas mixtures and compressi- 
bility factors for sweet natural gases at the same pseudo- 
reduced conditions has been correlated over a range of 
pP,. from 0 to at least 7 and a range of pT, from about 
1.15 to at least 2.0 with an error not exceeding 3 per 
cent and over most of the range within I per cent. The 
validity of the correlation for mixtures containing appre- 
ciable heavier hydrocarbons has not been fully estab- 
lished, but it is shown to be preferable than the use of 
a correlation based only on hydrocarbons. 


LN O TON 


Although a relatively accurate method for predicting 
compressibility factors of pure materials is provided by 
charts based on reduced properties and the assumption 
that the compressibility factor is a unique function of 
T,, P, and z,.,~* the determination of the correct values 
of compressibility factors for gas mixtures is somewhat 
difficult. 


Two general methods of dealing with gaseous mix- 
tures have been proposed. The first assumes a direct or 
modified additivity of certain properties of the mixture 
in terms of the properties of the individual components. 
Examples of this method are based on the familiar laws 
of Dalton and Amagat. The second method averages the 
constants of an equation of state applicable to the pure 
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components. Both of these methods are of limited value 
in engineering calculations because the first usually pro- 
vides reliable answers only over narrow ranges of pres- 
sure and temperature and the second is cumbersome to 
handle. 


In petroleum engineering practice accurate estima- 
tions of the volumetric behavior of natural gases are 
frequently required. To fulfill this need, several general- 
ized compressibility charts have been developed.** Of 
these, the one prepared by Standing, et al is widely used 
at present. In the construction of charts of this type a 
third method for dealing with mixtures has been fol- 
lowed. It is based on correlation of pseudo-critical prop- 
erties as outlined by Kay’ and calculated from the 
critical properties of the individual components in a 
mixture. Although these charts provide relatively accu- 
rate information on the compressibility of dry or wet 
sweet natural gases, they are less reliable when used for 
gases containing high concentrations of hydrogen sulfide 
or carbon dioxide or both. Thus, an experimental pro- 
gram, although time consuming, is the best means now 
available for the determination of the volumetric be- 
havior of sour or acid gas mixtures. 


An increased interest in the behavior of these gas 
mixtures, particularly in connection with some of the 
fields in Western Canada where the acid gas concen- 
tration of the reservoirs may be as high as 55 per cent 
and where hydrogen sulfide alone may be as high as 
36 per cent, provided the incentive for this study. It 
was the purpose of the investigation to determine the 
volumetric behavior of selected mixtures of methane, 
hydrogen sulfide and carbon dioxide over a range of 
temperature from 40° to 160°F and at pressures up to 
3,000 psi. 


EXPERIMENTAL METHOD 


The apparatus used in this investigation was basic- 
ally the same as that described by Lorenzo.” The 
amount of each pure component used in preparing the 
gas mixtures was measured over mercury in a glass- 
windowed pressure vessel. The pure components were 
then transferred individually in the desired amounts to 
a second glass-windowed pressure vessel where the volu- 
metric behavior of the mixture was determined. Volume 
was varied by mercury injection or withdrawal. The 
capacity of the cell was about 125 cc. 


Temperatures in the cells were measured with copper- 
constantan thermocouples and a Leeds Northrup semi- 
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precision potentiometer. The temperature was held to 
within + 0.5°F of the desired value during the runs. 
Pressures above 1,000 PSi were determined by a Heise 
bourdon tube gauge to + 3 psi and below 1,000 psi by 
the same type of gauge to + 1 psi. Both gauges were 
calibrated against a dead-weight piston gauge and were 
used with suitable calibration curves. 

A 100-cm cathetometer was used to measure the 
sample volume and to determine the hydrostatic heads 
contributing to measured pressures. The reproducibility 
of length measurements was about 0.05 mm, corre- 
sponding to a precision in volume measurements of 
about 0.01 per cent for the largest volumes and 0.1 per 
cent for the smallest volumes. Volume calibration of the 
cells was made by filling each of the cells with mercury 
and weighing the outflow between levels determined 


by the cathetometer. Thus calibration curves were con- — 


structed. 


A check on the calibration was made by determining 
the compressibility of the pure components methane, 
carbon dioxide and hydrogen sulfide in both cells, An 
amount of the single component was introduced into 
either the equilibrium or measuring cell at relatively 
low pressure. After the desired temperature was estab- 
lished, the number of moles of the gas was calculated 
using experimental compressibility factors reported in 
the literature. The pressure was then increased stepwise 
to the desired maximum and volumes were recorded 
at each stage. Using the number of moles at the initial 
condition and the measured variables, a compressibility 
factor was calculated for each pressure. These were 
then compared to the values reported in the literature: 
For-a variety of temperatures in both the equilibrium 
cell and for about 30 different samples of the individual 
gases at pressures up to 2,500 psia, the error encount- 
ered was less than + 2.5 per cent. 

An additional check was provided by making similar 
measurements on an approximately 50:50 mixture of 
methane and carbon dioxide for which experimental 
data were available.“ The agreement obtained was 
better than + 1 per cent for pressures up to 3,000 psia. 
In all cases measurements were made for both increas- 
ing and decreasing pressures. The methane, carbon 
dioxide and hydrogen sulfide used in the experimental 
work all had a guaranteed minimum purity of 99 mol 
per cent. 


EXPERIMENTAL RESULTS 


The experimental program included an investigation 
of the volumetric behavior of three binary mixtures 
of carbon dioxide and hydrogen sulfide as well as the 
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investigations on the three-component systems. The ~~ 


composition of all mixtures studied is given in Table 1. 
An attempt was made to keep the methane-to-carbon 
dioxide ratio at 4:1 and to vary the hydrogen sulfide 
content; however, this was not followed in all cases, 
especially for the ternary mixtures at 40°F where the 
single-phase gaseous region is rather limited. 


The three binary mixtures were studied at 160°F 
and up to 1,800 psia. The results of these tests are 
shown in Fig. 1. The ternary mixtures of methane, 
hydrogen sulfide and carbon dioxide were studied at 
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40°, 100° and 160°F up to 3,000 psia, The results are 
presented in Figs. 2, 3 and 4. 

Mixtures I, II, III and VI were studied at 160°F. 
Three of these, namely I, II and III, were also studied 
at 100°F. Mixture No. IV, which was studied at 100°F, 
did not have a methane-to-carbon dioxide ratio of 4 and 
was an intermediate mixture in the preparation of 
Mixture II from Mixture III. At 40°F, Mixtures XI and 
XIII had a methane-to-carbon dioxide ratio of 4, but 
in addition Mixtures XII, XV and XVI were investi- 
gated in order to cover the single-phase region more 
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fully and to get more information at the lower tem- 
perature. 


DISCUSSION OF RESULTS 


According to the method proposed by Kay,’ the fol- 
lowing simple relationship exists for calculating the 
pseudo-critical temperature and pressure of a mixture. 


With these relationships it is possible to estimate 
compressibility factors for gas mixtures using any graph 
representing these factors as a function of reduced 
properties. In this case, the experimental values were 
compared to the values estimated from the Standing* 
chart because of the general use of this correlation by 
the natural gas industry. Fig. 5 shows the per cent 
deviation of the calculated compressibility from the 
experimental compressibility as a function of pressure 
at each of the three temperatures for the mixtures 
studied. 


These figures indicate that the reliability of calculated 
compressibility depends on temperature, pressure and 
methane concentration. At a temperature of 40°F dis- 
crepancies of up to about 35 per cent are noted. The 
deviation passes through a maximum at pressures corre- 
sponding to reduced pressures of about three and then 
diminishes at higher pressures. Over the entire range, 
the discrepancy increases as the methane concentration 
decreases, and the calculated compressibility is always 
less than the experimental compressibility. 


CORRELATION FOR METHANE-ACID 
GAS MIXTURES 


This experimental investigation has demonstrated 
that the volumetric behavior of ternary systems con- 
taining methane, hydrogen sulfide and carbon dioxide 
is significantly different from the behavior of pure 
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hydrocarbons at the same pseudo-reduced conditions. 
It would obviously be advantageous if a method could 
be found for predicting compressibility factors for any 
of these mixtures at any pressure and temperature of 
interest. The similarity between the two acid gases 
Suggests that they might have a similar effect on the 
compressibility of the inert hydrocarbon. In order to 
test this presumption, and if possible to generalize a 
method for predicting the compressibility of natural 
gases having high acid gas content, a careful analysis 
was made of the foregoing ternary data and data on a 
number of binary systems reported in the literature. 


Reamer, et al have studied the methane-hydrogen 
sulfide system™ and the methane-carbon dioxide sys- 
tem at various temperatures between 40° and 460°F 
and at pressures up to 10,000 psia. Four different mix- 


tures of methane and carbon dioxide and nine different 


mixtures of methane and hydrogen sulfide were studied 
over the range of temperature and pressure. For each 
compressibility factor reported, it was possible to cal- 
culate a pseudo-reduced temperature and pressure. 
Using these reduced properties it was then possible to 
calculate a compressibility factor from the well known 
Standing* correlation. Thus a ratio, which may be 
called the compressibility factor correction ratio, can be 
calculated by dividing the calculated compressibility by 

- the experimental value at the same reduced conditions, 
The value of this ratio was obtained by suitable inter- 
polation for several mixtures of both methane and car- 
bon dioxide and methane and hydrogen sulfide having 
the same methane concentration. 


Asan example of these results, the compressibility 
factor correction ratio is plotted against pseudo-reduced 
pressure at a series of pseudo-reduced temperatures in 
Fig. 6 for two mixtures. One mixture contained 60 mol 
per cent methane and 40 mol per cent hydrogen sulfide, 
and the other contained 60 mol per cent methane and 
40 mol per cent carbon dioxide. Graphs similar to this 
were prepared for each of the binary mixtures for 
which experimental data were available. In general, 


TABLE 1—COMPOSITION OF MIXTURES INVESTIGATED 


A. BINARY CO2 — HeS MIXTURES AT 160°F 
Mol fraction of 


Mixture No. H2S CO» 
1 0.178 0.822 
2 0.204 0.796 
3 0.602 0.398 


B. TERNARY CO2 — H2S — CHa MIXTURES AT 160°F 
Mol fraction of 


Mixture No. H2S 
! 0.041 0.182 0.777 

I 0.118 0.174 0.708 

Wl 0.233 0.154 0.613 

Vi 0.526 =0.104 0.370 


C. TERNARY CO2 — H2S — CHi MIXTURES AT 100°F 
Mol fraction of 


Mixture No. HoS CO: 
! 0.041 0.182 0.777 

I 0.118 0.174 0.708 

Wl 0.233 0.154 0.613 

IV 0.199 0.278 0.523 


D. TERNARY CO2 — H2S — CHs MIXTURES AT 40°F 
Mol fraction of 


xl 0.244 0.158 0.598 

0.210 0.276 0.514 
XIII 0.134 0.176 0.690 
XV 0.148 0.296 0.556 
XVI 0.118 0.236 0 646 
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the psuedo-reduced temperature values were different~ 
in each case but varied between about 1.10 and 2.20. 
For some concentrations, seven different pseudo-reduced 
temperatures were available, but for others only three 
different values were available. 


It was observed from these graphs that over the 
entire pressure range and for reduced temperatures 
between about 1.2 and 2.0, the compressibility factor 
ratios for binary methane-carbon dioxide and methane- 
hydrogen sulfide mixtures having the same methane 
concentration and at the same pseudo-reduced condi- 
tions were essentially the same regardless of the acid 
component in the mixture. 


A more detailed evaluation of this conclusion was 
made by cross plotting the above graphs to give the 
compressibility factor ratio as a function of pseudo- 
reduced temperature at a series of pseudo-reduced 
pressures. Fig. 7 shows examples of this comparison 
for the 85 per cent methane and the 40 per cent 
methane binary mixtures. These have been chosen for 
illustration because they represent high and low methane 
concentrations for which experimental data were avail- 
able or could be interpolated. The numerical values 
obtained for the compressibility factor correction ratio 
were averaged for the two systems at each methane con- 
centration. For example, in evaluating the correction 
ratios for the 50 per cent methane mixtures a total of 
81 combinations were used, Of these, 76 agreed within 
1 per cent and the other five agreed within 1 and 3 
per cent over the full range of pressures and tempera- 
tures. 2 


By repeating these calculations for a series of differ- 
ent methane concentrations at the same reduced con- 
ditions, it is possible to tabulate and plot the average 
ratio of the compressibility factor correction ratios as 
a function of pseudo-reduced temperature at various 
reduced pressures. The correction ratios are presented 
graphically in Figs. 8, 9 and 10 for six different methane 
concentrations. In the preparation of these final corre- 
lations, 243 experimental points of data for the methane- 
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= 


carbon dioxide mixtures and 540 points for the methane- 
hydrogen sulfide mixtures were used. 


RELIABILITY OF THE CORRELATION 


The reliability of the correlation based solely on 
data for methane-acid gas binary mixtures was checked 
with the data obtained experimentally for the methane- 
hydrogen sulfide-carbon dioxide ternary system by cal- 
culating the compressibility factor ratios at selected 
pseudo-reduced conditions. The agreement was very 
satisfactory in all cases, even for mixtures with lower 
pseudo-reduced temperatures. The comparative figures 
are shown in Table 2. Of the 24 points above a pseudo- 
reduced temperature of 1.2, 14 are within 1 per cent, 
two are between 1 and 2 per cent and eight are between 
2 and 3 per cent of the correlation values. 


The correlation was also checked against some com- 
pressibility factor data reported for representative wells 
in the Province of Alberta. Table 3 illustrates the com- 
parison obtained for selected reservoirs where the 
hydrocarbon portion varies from essentially pure 
methane to about 20 per cent heavier than methane. 
The agreement between experimental and predicted 
values is generally good but is somewhat less satisfac- 
tory when the hydrocarbon portion contains significant 
heavier components. The important point to realize is 
that even for the case where the concentration of 
heavier hydrocarbons is significant the proposed corre- 
lation gives much better results than are directly obtain- 
able from the Standing chart for hydrocarbons. In using 
the correlation, the calculated pseudo-reduced values 
are obtained from the total analysis, but the per cent 
methane parameter is obtained by adding only the 
methane and the nitrogen. 
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ETHANE AND PROPANE ACID GAS MIXTURES 


A limited amount of data are available for mixtures 
of ethane and carbon dioxide and propane and carbon 
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TABLE 2—COM 
PARISON OF EXPERIMENTAL CORRECTION RATIO FOR TERNARY SYSTEM WITH CORRESPONDING VALUES OF CORRECTION RATIO 


PROVIDED BY CORRELATION 
Temperature 160°F 


ie Pressure 1,000 psia Pressure 2,000 psia Pressure 3,000 psia 
Exp. Predicted Exp. Predicted Exp. Predicted 
; r pPy Ratio Ratio pP, Ratio Ratio pP,. Ratio Ratio 
778 1.58 1.30 0.981 0.978 
2.60 0.967 0.960 3.90 0.955 
1.22 0.997 0.971 2.44 0.936 0.945 3.66 0.965 0.935 
0.971 0.964 2.26 0.920 0.928 3.39 0.906 0.915 
: ei Hes) 0.96 0.987 0.970 1.92 0.873 0.865 2.88 0.910 0.890 
Temperature 100°F 
Pressure 1,000 psia Pressure 2,000 psia Pressure 3,000 psia 
1 0.778 1.42 1.30 0.969 0.971 
3 ; 2.60 0.941 0.941 3.90 0.944 0.935 
iY eee 1.34 1.22 0.990 0.960 2.44 0.946 0.922 3.66 0.941 0.915 
+H as 1.24 1.13 0.959 0.950 2.26 0.867 0.892 3.39 0.904 0.900 
2 1.20 1.10 0.956 0.946 2.20 0.829 0.860 3.30 0.885 0.889 
Temperature 40°F 
Pressure 1,000 psia Pressure 2,000 psia Pressure 3,000 psia 
XIII 0.690 1.22 0.949 0.946 2.44 
0.839 0.862 3.66 0.925 0.895 
he ey ea 1.19 0.919 0.931 2.38 0.805 0.845 3.57 0.865 0.888 
0.905 0.914 2.26 0.756 0.792 0.810 0.865 


*Extrapolated 


TABLE 3 — COMPARISON OF VALUES OF COMPRESSIBILITY FACTOR CORRECTION RATIOS FOR NATURAL GAS MIXTURES 


Savanna Creek 3-A Silver Creek 3-31 Windfall 7-3 
Component (Mole Per cent) (Mole Per cent) (Mole Per cent) 
14.38 16.21 

3 11.83 

CO2 0.30 4.32 7.74 

No 0.46 2.01 a 1.62 

C1 84.14 62.07 63.00 

Cs 0.59 4.24 4.20 

Cs 9.08 2.61 2.69 

1C4 0.03 0.66 0.69 

C4 0.02 1.61 1.80 

Cs4 Trace 6.27 6.43 

Pseudo-Reduced Temperatures 
1.43 1.62 1.20 .31 1.41 1.47 

PP Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. 
1.0 0.990 0.973 0.984 0.983 0.990 0.986 0.926 0.949 0.948 0.965 0.952 0.970 0.964 0.974 
2.0 0.926 0.925 0.963 0.961 0.974 0.975 0.813 0.884 0.880 0.927 0.925 0.941 0.934 0.944 
3-0- 0.913 0.917 0.940 0.946 0.960 0.964 0.840 0.882 0.873 0.907 0.898 0.922 0.921 0.925 
4.0 0.924 0.924 0.935 0.944 0.951 0.958 0.891 0.904 0.903 0.912 0.913 0.921 0.929 0.925 


dioxide but none have been published for mixtures of 
these hydrocarbons with hydrogen sulfide except for 
saturated vapors.” Reamer, et al’* have reported data 
on ethane and carbon dioxide mixtures at pressures 
up to 10,000 psi and over a temperature range between 
100° and 460°F. These same authors” have reported 
data on propane and carbon dioxide mixtures at approx- 
imately the same conditions, Table 4 shows a compari- 
son of the experimental and predicted compressibility 
factor ratios for these systems. It is seen that the agree- 
ment is surprisingly good even for the heavier hydro- 
carbon mixtures, and while it is not as close as for the 
methane mixtures, it is still an improvement over the 
Standing correlation alone. The one consistent differ- 
ence between these mixtures and the methane mixtures 
seems to be that the agreement becomes less reliable 
at higher pressures whereas, for the methane mixtures, 
the agreement became increasingly better at higher 
pressures. The data on the saturated mixtures of hydro- 
gen sulfide with ethane and propane were not included 
in this comparison because the Standing chart did not 
permit calculations at the same corresponding pseudo- 
reduced temperatures, which were between about 0.75 
and 0.98. 


CONCLUSIONS 


1. An analysis of existing data on binary systems 
containing methane and hydrogen sulfide and methane 
and carbon dioxide indicates that the deviation of actual 
from predicted compressibility factors is a function of 
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the methane content and the pseudo-critical properties 
of the mixture. It is essentially the same for both hydro- 
gen sulfide and carbon dioxide mixtures. 


2. The ratio between actual compressibility factors 
for methane-acid gas mixtures and compressibility fac- 
tors predicted for pure hydrocarbons at the same 
pseudo-reduced conditions from standard charts can 
be correlated as a function of methane content and 
pseudo-reduced properties over a range of pP, from 0 
to at least 7 and a range of p7, from about 1.15 to at 
least 2.0. The error does not exceed 3 per cent and over 
most of the range is within 1 per cent. 


3. A preliminary evaluation of systems containing 
heavier hydrocarbons suggests that the same procedure 
can be used for systems of variable hydrocarbon con- 
tent. Before the validity of the correlation can be 


TABLE 4—COMPARISON OF COMPRESSIBILITY FACTOR CORRECTION RATIO 
BASED ON EXPERIMENTAL VALUES WITH CORRECTION RATIO 
CALCULATED BY CORRELATION 


Ethane - Carbon Dioxide Binary Mixture 
0.51 Mole Fraction of Ethane 
pPr=1.13 pPr=2.26 pPr=3.39 pP,+=4.52 
1.13 0.910 0.925 0.807 0.808 0.865 0.867 0.899 0.894 
1.35 0.964 0.964 0.908 0.925 0.889 0.911 0.890 0.922 


Propane - Carbon Dioxide Binary Mixture 
0.60 Mole Fraction of Propane 


pP,=1.25 pP;+=2.50 pPr=3.75 pP,;=5.00 
Exp. Cale. Exp. Calc. Exp. Cale. Exp. Calc. 


1.20 0.966 0.937 0.864 0.870 0.883 0.900 0.884 0.916 


accurately assessed for these systems, additional data 
are required—particularly on mixtures of ethane, pro- 
pane and hydrogen sulfide and mixtures of these with 
methane. 


NOMENCLATURE* 
P = pressure, psia 
P, = reduced pressure 
Z. = critical compressibility factor 
pP, = pseudo-reduced pressure 
pT, = pseudo-reduced temperature 
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Efforts to Develop Improved Oilwell Drilling Methods 


L. W. LEDGERWOOD, JR. 


ABSTRACT 


During the past three decades, the 
oil industry has expended increasing 
efforts seeking improved drilling 
tools or systems to reduce drilling 
costs. The total cost of these efforts 
is unknown, but it certainly amounts 
to tens of millions of dollars. Most 
of the “new” systems that past and 
present investigators have sought to 
develop actually are old public infor- 
mation. 

In seeking to implement new-sys- 
tem concepts, investigators have 
tested the following: impact at fre- 
quencies ranging from 6 to 300 
cycles per second; electrical, mechan- 
ical and hydraulic means of actuat- 
ing percussors; bit rotary speeds up 
to 2,000 rpm; electric and hydraulic 
bottom-hole means of rotating bits; 
bottom-hole machines with power 
outputs up to 400 hp; shock waves; 
explosives; high-velocity pellets; 
flame; arc; grinding wheels; abrasive 
jets; erosion by high-velocity gases; 
chemical attack; electric current; 
magnetic waves; retractable rock 
bits; reelable drill pipe; continuous 
- coring with reverse circulation; and 
automation of drilling rigs. Table 1 
shows how these investigations are 
grouped for discussion purposes in 
this paper. 

In spite of these efforts to discover 
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rence and Recovery of Petroleum of the API. 

Diseussion of this and all following tech- 
nical papers is invited. Discussion in writing 
(three copies) may be sent to the office of 
the Journal of Petrolewm Technology. Any 
discussion offered after Dec. 31, 1960, should 
be in the form of a new paper. 
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new and improved systems, rotary 
drilling maintains its economic lead- 
ership. Undoubtedly, rotary drilling 
costs will continue to be reduced by 
rigid application of the best avail- 


able technology and by development — 


of new rotary technology. In view 
of the extensive past development 
programs, however, significant long- 
range improvement appears to be a 
research, not a development problem. 
Research must postulate and prove 
theories and principles governing 
various subsurface rock-failure pro- 
cesses pertinent to both rotary and 
new systems. Also, research must 
produce physical and engineering 
data relative to these processes. 
When such information is available, 
earth boring will graduate from an 
art to a science, Major improvements 
in rotary drilling can then be ex- 
pected, and the systematic evolution 
of an improved drilling method can 
be initiated—with a strong probabil- 
ity for success. 


TABLE 1—-NEW-SYSTEM EFFORTS 


INCLUDE TWO AREAS 
I—ROCK-ATTACK DEVELOPMENTS 
(DRILLING RATE AND/OR BIT LIFE) 
1. MECHANICAL ROCK ATTACK 
A. Emphasis on Force Nor- 
mal to Rock 
B. Emphasis on Rotation 
Means 
2. THERMAL ROCK ATTACK 
3. ABRASION-EROSION ROCK 
ATTACK : 
CHEMICAL ROCK ATTACK 
ELECTRIC CURRENT ROCK 
ATTACK 
6. MAGNETIC FIELD ROCK 
ATTACK 
PART II—EFFORTS NOT RELATED TO ROCK 
ATTACK (TRIP TIME) 
1. RETRACTABLE BITS 
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INTRODUCTION 


Development of drilling methods 
other than rotary drilling has been 
One approach investigated by the in- 
dustry as a means for reducing drill- 
ing costs. Major cost-reduction ef- 
forts, however, have been centered 
on engineering development work 
aimed at incremental improvements 
in rotary drilling. A relatively minor 
effort has been expended to estab- 
lish basic physical principles and en- 
gineering data pertaining to the earth- 
boring process which can serve as 
a foundation for the development of 
cost-cutting drilling hardware. 


Current oil-industry economic 
trends have added impetus to the 
need for effective programs to re- 
duce drilling costs. However, areas 
for expanded future efforts should 
be selected only after careful study 
of past investigations. 


It is the purpose of this paper to 
review past and present industry ef- 
forts to develop new drilling tools or 
systems and to suggest areas where 
additional science is needed. Past re- 
views of drilling methods have been 
limited to a few processes prominent 
at the time the reviews were made. 
This paper seeks to present a concise, 
well organized review of all meth- 
ods that have received actual de- 
velopment or test work. 


The preparation of a paper seek- 
ing to review all past developments 
is fraught with many difficulties, not 
the least of which are errors in or 
obsolesence of printed matter used 
as source material and the lack of 
data on industry developments which 
have not been published, Since de- 
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velopers are frequently reluctant to 
publish papers on unsuccessful, mar- 
ginal, suspended or small exploratory 
developments, it is difficult to obtain 
complete coverage of their work. 
However, if future programs are to 
be planned on the basis of past ex- 
perience, an initial effort to collate 
information on past and present de- 
velopments must be made. In taking 
this initial step, precautions have 
been taken to keep errors to a mini- 
mum. If errors are found, if the 
status of developments has changed 
or if past or present developments 
exist which are not covered herein, 
the author will appreciate being ad- 
vised of such items. 


RoTaRy DRILLING IMPROVEMENTS 


While it is not the purpose of this 
paper to consider rotary drilling im- 
provements, it is necessary to di- 
gress briefly to mention the future 
potential of rotary drilling. Sizeable 
cost reductions have been and are 
being made through the application 
of improved rotary drilling technol- 
ogy. Air drilling continues to hold 
cost-reduction promise. Also, through 
education and motivation, the best 
current technology can be rigidly ap- 
plied in all rig operations to con- 
tinue the cost-reduction trend. For 
example, it has been found that 
placing engineers on a rig around 
the clock for the drilling of several 
wells in an area has reduced drill- 
ing costs 5 to 15 per cent. 

Furthermore, as industry gains ad- 
ditional fundamental knowledge 
about the rotary drilling process, it 
is reasonable to assume that such 


knowledge will produce even better 


PART I — ROCK-ATTACK 


DEVELOPMENTS 
EMPHASIZING FORCE 
NORMAL TO ROCK 


Developments seeking to imple- 
ment means for applying forces nor- 
mal to the rock have been the most 
extensive of all of industry’s develop- 
ments. Table 3 lists these efforts and 
the primary investigators behind 
them. 


PERCUSSORS AND VIBRATORS 


The basic premise underlying per- 
cussor and vibrator developments 
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technology and equipment than that 
currently available. In addition, some 
items developed for new drilling sys- 
tems will also be applicable to ro- 
tary drilling and will further enhance 
its potential. Thus, industry should 
not neglect further improvement of 
rotary drilling. 


“NEW” DRILLING METHODS 


Considerably more engineering 
and development work has been done 
on “new” systems than is generally 
realized. An understanding of the 
scope, nature and status of this work 
will give new insight into the urgent 
need for accelerating basic studies 
of the drilling process. 

Industry has tested most of the 
known new-system concepts. In real- 
ity, these new-system concepts are 
quite old and have been public 
knowledge for many years. Table 2 
shows the initial dates of patents per- 
taining to some of the better known 
“new” drilling systems. All of the 
concepts shown in Table 2 have been 
evaluated by field or laboratory ex- 
perimentation, and in several cases, 
by more than one investigator. 

In evaluating the concepts listed 
in Table 2, industry has spent at 
least $13 million and probably far 
in excess of $25 million in develop- 
ment and test work. Maximum ex- 
penditures on a single tool or system 
have ranged from $200,000 to over 
$1 million per year. This work has 
been conducted by both oil-industry 
and commercial research organiza- 
tions. In at least one case, a sizeable 
research and development organiza- 
tion was created and staffed solely 
to develop a particular drilling tool. 

To date, this new-system develop- 
ment work has not produced a drill- 


DEVELOPMENTS 


Mechanical Rock Attack 


states that drilling rate can be in- 
creased by adding vibratory power 
to the already available rotary power. 
Fig. 1 shows schematically some of 
the more important means investiga- 
tors have used to add vibratory 
forces to those derived from normal 
bit rotation. All four of these tools, 
including several variations of some 
of them, have been field tested. Ex- 
penditures on this work probably ap- 
proach $10 million. 

The magnetostriction tool (Fig. 1) 
utilizes a long bar of magnetostric- 
tive material, such as nickel, inside 


TABLE 2—MANY DRILLING 
CONCEPTS ARE OLD 


Fla Drill 1853 
Bottom Hole Rotary Hydraulic Motor ******* 1873 
Electric Arc (British Patent) -srsssre-steteeees 1874 
Conventional Rotary 1884 
Chemicals to Soften Rock *rrrrrrtrsssteseees 1887 
Bottom Hole Electric Percussor srstttsssse* 1890 
Bottom Hole Electric Motor srssrsssssreresees 1891 
Bottom Hole Hydraulic Percussor 1900 
Retractable Bit & Bottom Hole Motor «**"**"" 1902 
Reelable Drill Pipe ess 1935 
Shaped Explosive Charge -:::1r--7ss-s000"* 1954 
Pellet Impact Drill 1955 


ing tool or system that can appre- 
ciably cut general drilling costs. In 
some cases, of course, the tools de- 
veloped are more economical than 
rotary drilling under specific, limited 
operating conditions. Where air drill- 
ing can be used, for example, the 
air percussor appears to be gaining 
acceptance, In spite of industry’s ef- 
forts to develop a superior method, 
however, rotary drilling maintains its 
place of leadership as the most ver- 
satile and generally economical earth- 
boring method. This fact alone is 
eloquent testimony of the merit of 
rotary drilling. 

This paper divides industry’s ef- 
forts to develop new drilling tools 
and systems into two general cate- 
gories. “Part I— Rock-Attack De- 
velopments” outlines past and pres- 
ent attempts to develop new methods 
of earth boring which would be eco- 
nomically superior to rotary drilling 
by virtue of greater drilling rate 
and/or longer bit life. “Part II—Ef- 
forts Not Related to Rock Attack” 
reviews work concerned with novelty 
other than the method of rock attack. 


a coil of wire at the bottom of the 
hole. A bit is attached to the lower 
end of the bar. A conductor down 
the middle of the drill pipe trans- 
mits electricity to the coil in the bot- 
tom-hole tool. The pulsing magnetic 
field from a combination of direct 
and alternating currents in the coil 
causes the magnetostrictive material 
to change its length at the same fre- 
quency as that of the magnetic field. 
The magnetic field frequency is ad- 
justed to the resonant frequency of 
the bar, and the resultant vibration 
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TABLE 3—INVESTIGATORS 
EMPHASIZING FORCES 
NORMAL TO ROCK 


PERCUSSORS AND VIBRATORS 


R. Bassinger 
Hughes Tool Co. 
Gulf 

Pan American 
Mission Mfg. Co, 
Ingersoll Rand 
Gardner Denver 
Russians 


Bodine 

Borg-Warner 

Drilling Research Inc. 
American Percussion Tool Co. 


CARTER PELLET IMPACT DRILL 
RUSSIAN SHOCK WAVE DRILL 
EXPLOSIVE DRILLS 


McCullough 
Russian 


CALYX DRILL 


Hammer Drills 


Other 


is transmitted directly to the bit to 
assist in rock failure. 


The solenoid hammer-type percus- 
sion tool (Fig. 1) also has an elec- 
trical conductor down the center of 
the drill string. This conductor trans- 
mits a continuously reversing cur- 
rent to solenoid coils within the bot- 
tom-hole assembly; this current 
raises and lowers the solenoid arma- 
ture inside the coils. The solenoid ar- 
mature terminates at its lower end in 
a hammer. The changing field in the 
solenoid coils causes the armature- 
hammer combination to repeatedly 
strike an anvil, which is attached 
to a rock bit. 


The eccentric-weight percussion 
tool (Fig. 1) uses a series of unbal- 
anced rotating members to set up un- 
balanced vertical forces without any 
lateral unbalance. Mud is pumped 
down the drill string and through an 
axial-flow mud turbine in the bottom- 
hole apparatus. The output shaft of 
the mud turbine drives a chain of 
spur gears to which are attached ec- 
centric weights. The weights are po- 
sitioned so that for successive quar- 
ter-revolutions of the weights there 
is initially no lateral unbalance, fol- 
lowed by vertical unbalance (up), no 
lateral unbalance and, finally, verti- 
cal unbalance (down). Then the 
cycle repeats. The lower end of the 
case containing the eccentric weights 
is attached to a long section of drill 
collars and the eccentric weights are 
revolved at the axial resonant fre- 
quency of the drill collars. By oper- 
ating at the resonant frequency, large 
displacements are obtained at the 
ends of the drill-collar section. The 
motion of the end of the collar is 
transmitted directly to the bit and 
the vibratory energy is used to fail 
the formation. The basic operation 


VOL. 219, 1960 


MAGNETO- SOLENOID ECCENTRIC AIR 
STRICTION HAMMER WEIGHT HAMMER 


Fic. 1—Scuematic or Percussion 
Dritt DEsIcns. 


of the drill follows an accoustic prin- 
ciple; therefore, this vibratory tool 
is called the sonic drill. 


The air hammer drill in Fig. 1 is 
one of many configurations used 
which utilize fluid flow, valves and a 
reciprocating piston to achieve the 
desired vibratory forces. The particu- 
lar configuration shown uses air pres- 
sure to raise the central piston (ham- 
mer) until its lower end clears the 
circular anvil and releases entrapped 
air. Simultaneously, the valve finger 
in the upper part of the drill body 
enters a central passage in the top 
end of the piston, causing an air 
pressure build-up which reverses the 
direction of piston travel. These valv- 
ing effects result in a stable vibra- 
tion of the piston on the annular 
anvil, which is directly attached to 
the bit. 


Table 4 summarizes some of the 
more salient points regarding typical 
percussion-drill operating character- 
istics. It is important to note that 
investigators have used a wide range 
of actuation means to attain vibra- 
tion. Also, this experimental work 
has covered frequency ranges from 
6 to 300 cycles per second, hammer 
weights of 10 to 300 lb and vibra- 
tory amplitudes (hammer or bit, as 
applicable) of 1/16 to 3% in. Power 
output of the vibratory mechanisms 
of these tools has ranged from 10 
to 20 hp in the case of the Ameri- 
can Percussion Tool Co. unit to more 
than 80 hp in the Drilling Research, 
Inc. and Borg-Warner Corp. develop- 
ments. 

Table 5 lists the current status of 
major percussion developments. The 
only commercial percussion tool cur- 
rently available is one initiated by 
Ross Bassinger, refined by Pan Amer- 
ican Petroleum Corp. and offered 
commercially by Mission Mfg. Co. 
This tool is air-actuated; unfortun- 
ately, this actuation severely restricts 
its general utility because industry’s 
inability to cope with water influx in 


TABLE 4—TYPICAL PERCUSSION 
DRILL OPERATING 
CHARACTERISTICS 


FREQ. WT. STROKE 
INVESTIGATOR TYPES IN. 
Mission Air 302280 1.0 
(Pan American) 


Ingersoll Rand Airc 15-25 50 3/8 
Gulf Mud 6-7 300 3-3 1/2 
Hughes Mud 30-35 112 1-3/8 
Borg-Warner Mud Turbine; 100 NA 1/4 
(Bodine) Eccentric Wt. 
A.P.T. CO. Solenoid 30 10 5/8 


Magneto- 300 NA YI6 
striction 


DRI. 


TABLE 5—STATUS OF PERCUSSION 
DRILLS 


INVESTIGATOR 
MISSION (PAN AM) 
MISSION (BASSINGER) 
INGERSOLL RAND 
GARDNER DENVER 


PRESENT STATUS 
COMMERCIAL 
UNDER DEVELOPMENT 
UNDER DEVELOPMENT 
UNDER DEVELOPMENT 


GULF BEING MODIFIED 
BY EMSCO 
HUGHES INACTIVE (1955) 
BORG-WARNER 
(BODINE) DISCONTINUED 1958 
A.P.T.CO. INACTIVE (1955) 
D.R.I. INACTIVE (1957) 


air drilling currently limits the use 
of air to 3 per cent or less of hard- 
rock footage. The Gulf Oil Corp. 
percussor is a liquid-actuated tool, 
and Gulf reports that their licensee 
(Continental-Emsco Co.) is making 
final tests on this tool before offer- 
ing it commercially. 

The other percussor developments 
became inactive for various reasons. 
The Hughes Tool Co. percussor be- 
came inactive when field-test work 
showed the tool to have only very 
limited application for economic op- 
eration, this application being in 
areas where rotary drilling tended 
to produce crooked holes. The Borg- 
Warner development of A. G. Bo- 
dine’s sonic drill was discontinued 
when additional expenditure to pre- 
vent the mechanical failure of cer- 
tain down-hole components could not 
be justified. To date, the American 
Percussion Tool Co. has been unable 
to secure the financial backing neces- 
sary to continue development of its 
percussor. The Drilling Research, 
Inc. development became inactive be- 
cause of lack of funds to overcome 
transmission-line problems and the 
inability of the down-hole vibrator 
to develop sufficient power output 
into the load represented by the rock. 


PELLET IMPACT DRILL 


The purpose of the pellet impact 
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drill (Table 3) 1s to provide a rock 
attack means that can be resharpened 
without pulling the tool from the 
hole. Application of this concept in- 
volves the use of high-velocity pellets 
which impact on the rock to cause 
failure. As the pellets wear, new 
pellets are added to the system while 
the drill pipe remains in the bore- 
hole. 


Fig. 2 illustrates schematically the 
configuration used to implement the 
pellet drilling concept. A primary 
nozzle is attached to the lower end 
of the drill string, and a larger sec- 
ondary nozzle is suspended below 
the primary nozzle by means of an 
open bridging structure. Drilling fluid 
pumped down the drill pipe issues 
from the primary nozzle with a very 
high velocity; the high-velocity jet 
acts as an aspirator to pull fluid and 
steel pellets into the secondary noz- 
zle. The pellets are accelerated in the 
secondary nozzle and ejected against 
the formation at high velocity, caus- 
ing local crushing at the point of 
impact of pellet on formation. Rising 
fluid lifts pellets and the powdered 
rock cuttings to the top of the sec- 
ondary nozzle. At this point, about 
four-fifths of the rising fluid is drawn 
back into the secondary nozzle by 
the tool’s aspirator action. Since most 
of the fluid is recycled through the 
secondary nozzle, the annulus ve- 
locity alongside the primary nozzle 
is quite low, and the pellets remain 
suspended at this point in the rising 
fluid. The cuttings are carried up the 
annulus to the surface. Pellets from 
the suspended cloud enter the sec- 
ondary nozzle in a random manner. 


In the development of the pellet 
impact drill, extensive laboratory 
testing and in-the-ground drilling was 
done with 454-in. diameter tools to 
optimize design parameters and op- 
erating conditions. A pellet drill to 
drill a 9-in. hole was designed, built 
and lab tested. 

Table 6 summarizes the operating 
conditions under which this 9-in. 
drill was tested. Of particular inter- 
est are the 174 input hydraulic horse- 
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TABLE 6—PELLET IMPACT DRILL 


PELLETS: 
9” HOLE 11/4" DIA. STEEL 
20 RPM 140-190 LBS. 


140 PELLETS/SEC. 
40.2 LB. STEEL/SEC. 
75 FI./SEC. 

6.5 PELLET HP. 


333 FT.-LBS. TORQUE 
575 PSI PRIMARY Ap 
520 GPM. 

174 HYD. HP. 


power at the primary nozzle and the 
6.5 output pellet horsepower avail- 
able for productive drilling. This 
makes the bottom-hole apparatus 
roughly 4 per cent efficient. 


The pellet impact drill develop- 
ment is inactive. In its present form, 
this drilling method can physically 
penetrate rock materials, but it can- 
not do so economically in compari- 
son with rotary drilling. Two fac- 
tors contribute largely to the poor 
competitive position of the pellet 
drill: (1) the acceleration of pellets 
by fluid in the secondary nozzle is 
basically an inefficient process; and 
(2) the drilling method requires that 
all of the rock be reduced to a pow- 
der prior to removal from the hole, 
and this process requires more ener- 
gy than if the rock were removed 
in the form of larger chips. 


SHOCK-WAVE DRILL 


Another tool designed to deliver 
crushing loads to the rock is the Rus- 
sian shock-wave drill. The basic con- 
cept of this tool involves shock waves 
which travel through liquid to frac- 
ture rock. 


Fig. 3 illustrates schematically the 
laboratory drill used by the Russians 
to generate shock waves. Four insu- 
lated cathodes are spaced around the 
lower periphery of the tool, with 
anodes interspersed between. Drill- 
ing fluid is circulated down the cen- 
ter of the tool, out a circulation port, 
and then up the hole annulus to re- 
move rock debris. In operation, the 
cathodes are energized in sequence 
around the periphery of the tool. As 
each cathode is energized, a spark 
travels from the cathode to the two 


CATHODES 


(INSULATED) - ANODES 


CIRC 
SPARK-OVER 
LIQUID 


Fic. 3—Russtan SHock-WAVE 
DRILL. 


adjacent anodes. The occurrence of 
the spark initiates a shock wave 
which propagates through the liquid 
and crushes the rock. 

Fig. 4 shows the circuit reportedly 
used by the Russians to power the 
shock-wave drill. A mechanical rec- 
tifier is used to take power from a 
suitable source and charge a bank of 
condensers. The condensers are, in 
turn, suitably connected to the drill, 
which rests on a slab of rock in a 
tank of water. With this sort of lab- 
oratory set-up, the Russians report 
that they have successfully pene- 
trated 10-in. slabs of dolomite and 
concrete. 

Table 7 summarizes some of the 
more important reported character- 
istics relating to the operation of the 
shock-wave drill. On the basis of 
their laboratory work, the Russian 
investigators estimate that a field tool 
to drill a 10-in. diameter hole 10 
m/hr would require about 200-kw 
input. With rotary tools, comparable 
performance could be obtained with 
only about one-tenth to one-fifteenth 
as much power input to the bit. It 
must be recognized, however, that 
the shock-wave drill has no mechan- 
ical contact with the rock and con- 
ceievably might give a very long-life 
tool. 

The Russian investigators have rec- 
ommended that this method be tested 
in the field; hence, it is presumed 
that the development is active to 
some degree. 


EXPLOSIVES DRILL 

Another means for applying high 
loads perpendicular to the rock face 
is through the use of explosives. The 
method most frequently employed 
uses a shaped explosive charge to 
disintegrate the rock. 


Fig. 5 illustrates the principle of 
operation of the McCullough Tool 
Co. explosives drill. This tool is low- 
ered into the borehole on a conduct- 
ing wire line, and the shaped charge 
is detonated when the tool reaches 
bottom. The tool then must be with- 
drawn from the hole, reloaded and 
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Fic, 4—Russian SHOCK-WAVE 
Circuit DiacraM. 
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TABLE 7—-RUSSIAN SHOCK-WAVE 
DRILL: REPORTED CHARACTERISTICS 


INPUT ENERGY/DISCHARGE 100 Kg.- M 
VOLUME CM3 
DISCHARGES/MINUTE 330 
DISCHARGE DURATION 10° SEC. 
INSTANTANEOUS POWER=:-)) 0.5 x 107 KW. 
OUTPUT Kg.- M 
MAX. CONDENSER VOLTAGE}: 50,000 Volts 
TOTAL CAPACITANCE 0.26 pF 


Russians Estimate a Field Tool to Drill a 10” 
Hole 10M/Hr. Would Require 200 Kw. Input 


mechanical means employed to ream 
the hole prior to the use of another 
shaped charge. 

This tool reportedly has been used 
in the field to penetrate very hard- 
surface strata; reported characteris- 
tics are listed in Table 8. While no 
economics are given, it is estimated 
that explosive costs alone would 
amount to about $18 per shot, to 
which must be added other operating 
costs to compute the total cost per 
foot of hole drilled. 

It is understood that this tool cur- 
rently is available from a service 
company for special applications 
such as disintegrating stuck rock bits 
and reamers or drilling very hard- 
surface formations. However, no fur- 
ther development werk has been re- 
ported. 

The exact operating principle of 
the Russian explosives drill is un- 
known. Russian technical literature 
deals only with the mechanism of 
rock failure under explosive attack 
and with the results of field trials; it 
does not describe the explosives used 
or any pertinent bottom-hole appara- 
tus. 
Fig. 6 illustrates the basic concept 
of the Russian explosives drill. It 
is known that-some sort of explosive 
packages are pumped down the drill 
string one after another and caused 
to explode at the hole bottom. It is 
not known whether mechanical ream- 
ers, shaped charges, inertia detona- 
tors or down-hole magazines are 
used. 
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Fic. 5—McCuttoucH EXPLosives 
DRILL. 
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TABLE 8—McCULLOUGH 
EXPLOSIVES DRILL: REPORTED 
CHARACTERISTICS 

EXPLOSIVE CHARGE 
4 INCHES O. D,, 
8 INCHES LONG, 5 LBS. 


TAPERED HOLE UP TO 
4 INCH DIAMETER 


PENETRATION PER CHARGE 


“HARDROCK" FORMATION 


However, the Russian technical lit- 
erature is quite explicit on the results 
obtained with their explosives drill; 
Table 9 shows reported data compar- 
ing the performances of their turbo- 
drill and explosives drill. (The explo- 
sives drill is compared with the tur- 
bodrill because the turbodri.! is the 
standard drilling tool in Russia.) 
From Table 9, it is apparent that 
some sort of bottom-hole apparatus 
which requires changing is used with 
the explosives drill because the Rus- 
sians report that a trip is necessary 
after 20 m_of drilling with the ex- 
plosives drill. It is for this reason 
that the word “bit” appears in quo- 
tation marks in Table 9. No econom- 
ics are given for explosives cost or 
for cost per foot of hole. 

Judging by the treatment given 
this development in the Russian tech- 
nical literature, their development of 
the explosives drill is still on an ac- 
tive basis. 


CaLyx DRILL 


The final tool in the normal-force 
category is the calyx drill. This tool is 
another that provides for renewable 
cutting edges without pulling the drill 
string. The concept is implemented 
much in the same way as that of 
the pellet drill, but, instead of using 
pellets under high-velocity impact to 


cause rock failure, very small pellets . 


are loaded statically and rolled 
around the periphery of the borehole 
to cause local failures where the pel- 
lets contact the rock. 

The principle of operation of the 
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TABLE 9—-COMPARISON OF 
RUSSIAN TURBODRILL AND 
EXPLOSIVES DRILL 


TURBODRILL EXPLOSIVES DRILL 
DEPTH 2250-27 45M. 2250-27 45M. 
RATE 0.15 MPH, 0.6 MPH. 
TRIPS 3M/BIT 20M/''BIT" 


Data Taken in Cherty Limestone 


calyx drill can be ascertained from 
study of Fig. 7. Small, chilled steel 
shot (on the order of 1/16-in. di- 
ameter or less) are pumped down 
the drill string with the drilling fluid. 
The drill string is attached to a long, 
tubular core head which at its bot- 
tom end is simply a blunt steel shoe. 
The small steel shot become trapped 
under the lower end of this blunt steel 
shoe and, as the shoe rotates on the 
shot, the shot cut an annulus by 
grinding the rock into a very fine 
powder; broken shot and flour-like 
cuttings are collected on the top side 
of the bottom-hole assembly. After 
the core head has cut its maximum 


depth, it is withdrawn from the hole 


and a corebreaker is lowered into 
the hole to break off and withdraw 
the core. Typical operating charac- 


teristics for the calyx drill are listed 


in Table 10. 

The calyx drill has been in com- 
mercial use for quite a few years in 
the mining and construction indus- 
tries, where it is employed primarily 
for sinking large-diameter shafts in 
rock. 


DEVELOPMENTS 
EMPHASIZING BIT ROTATION 
MEANS 


Another approach to mechanical 
rock attack utilizes force normal to 
the rock, with emphasis on bit rota- 
tion means. Table 11 lists develop- 
ments concerned primarily with bit 
rotation means and their principal 
investigators. This work is broad in 
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scope and represents an expenditure 
of at least several million dollars. 


TURBODRILLS 


The most extensive development 
dealing with bit rotation means is 
the turbodrill. The basic concept of 
the turbodrill is to transmit relatively 
large amounts of power to the bit 
through the drilling fluid, thereby 
Overcoming the limitations of trans- 
mitting power by means of a long, 
rotating drill string. With currently 
available turbodrills, the increased 
power is presented to the bit in the 
form of much higher rotary speeds 
than can be used safely with con- 
ventional rotary practice. 


The general illustration in Fig. 8 
(far left) shows how this concept 
is implemented; an axial-flow mud 
turbine is placed at the bottom of the 
drill string and the bit is attached to 
the turbine output shaft. The early 
Russian designs used a_ high-speed 
turbine with a gear reduction be- 
tween the turbine shaft and the bit. 
A more recent design, shown in Fig. 
8, does not use gear reduction. The 
major difference in the design of re- 
cent turbodrills has been in blading 
and bearings. The Standard Oil Co. 
of California turbodrill used ma- 
chine ball-bearings for thrust bear- 
ings and rubber radial bearings at 
each turbine stage, plus radial ball- 
bearings near the bottom of the tool. 
The Parsons tool used ball thrust 
bearings and a rubber, lower radial 
bearing. Other turbine designs have 
made wide use of rubber in both the 
thrust and radial bearings. 


All three of the turbodrills de- 


TABLE 10 — CALYX DRILL: 
OPERATING CHARACTERISTICS 


DRILLING RATE 
(4' D. HOLE) 
SHOT CONSUMPTION 2 - 3 LBS./FT. 
(4' D. HOLE) 
CORE LENGTH 


TABLE 11—INVESTIGATORS 
EMPHASIZING BIT ROTATION 
MEANS 

TURBINE DRILLS 
RUSSIANS DRESSER 
STD. OF CALIFORNIA = FRENCH (NEYRPIC) 
C. PARSONS (EDCO) INDUSTRIES 
INGERSOLL RAND 
ELECTRIC MOTOR DRILLS 
A. ARUTUNOFF 
FLUID MOTORS 
INGERSOLL RAND 


RUSSIANS 


SMITH TOOL CO. 
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picted in Fig. 8 have been extensive- 
ly field tested. The Russians have 
been working with turbodrill devel- 
opments continuously since the late 
1920’s or early 1930’s. Dresser In- 
dustries, Inc. has been the most ac- 
tive recent investigator of turbodrills 
in the United States. 

Performance characteristics of the 
turbodrill depend on the flow rate 
and can be varied over a consider- 
able range by varying flow rate. Re- 
ported operating characteristics are 
summarized in Table 12. It is inter- 
esting to note that the output horse- 
power deliverable to the bit ranges 
from 14 to 418 hp and that bit speed 
ranges from 400 to 750 rpm. By way 
of comparison, average current ro- 
tary practice will utilize about 20 hp 
at the bit at bit rotary speeds be- 
tween 40 and 250 rpm. 

Not shown in Fig. 8 is an 8-in. 
OD air-operated turbodrill that has 
been developed by Ingersoll-Rand 
Co. A gear drive is employed be- 
neath the air turbine to reduce out- 
put shaft speed from 3,500 to 300 
rpm. 

In one field test of this tool, in- 
jection rate averaged 1,300 cu ft/ 
min of air at 174 psi, compared 
with 900 cu ft/min at 174 psi with 
conventional rotary equipment. Bit 
weights of 15,000 to 20,000 Ib gave 
the best results. Penetration rate for 
the air turbodrill averaged 81 ft/hr, 
compared with an average rate of 
40 to 45 ft/hr for conventional air 
drilling. Mechanical troubles, appar- 
ently in the gear-reduction system, 
terminated the initial field test. 

Table 13 shows the reported status 
of the various turbodrill develop- 
ments. Field testing of the Inger- 
soll-Rand air turbine was suspended 
in late 1957. Since that time, an im- 
proved version has been built but 
not field tested. Further work has 
been discouraged by the high cost of 
the turbine and by bit-life problems. 

Extensive field testing has shown 
that U. S. rotary tools and best U. S. 


Std. OF Calif. Parsons Russian- 
Neyrpic- 
Dresser 


Fic, 8—Scuematic DEsIcns oF 
TURBODRILL. 


rotary practices give lower costs per 
foot of hole than the turbodrill ex- 
cept in very special cases such as 
large-diameter, hard rock surface 
holes or in certain directional drill- 
ing problems. The turbodrill is com- 
mercial in Europe for two reasons: 
(1) European contractors have not 
had drill pipe and collars of sufficient 
quality to permit them to use best 
rotary practices without having ex- 
cessive pipe failures; and (2) in 
Europe, the premium is placed upon 
maximum holes per year, not on min- 
imum dollars per foot. In the U. S., 
further turbodrill test and develop- 
ment work has been suspended, and 
the effort in this area is being di- 
rected toward the development of a 
suitable bit for use with the turbo- 
drill. Recent work indicates that the 
turbodrill bit problem is related more 
to cutting structure configuration and 
basic rock-failure principles than to 
bearing failures. 


ELECTRODRILL 

In addition to the turbodrill, inves- 
tigators have tested another form of 
bottom-hole rotation means called 
the “electrodrill”. The basic concept 
of the electrodrill is to supply me- 
chanical power to the bit without 
rotation of the drill pipe and, in 
some cases, to completely eliminate 
the drill pipe. In some cases, the 
object also has been to increase the 
amount of power available at the 
bit compared to rotary drilling. 

Fig. 9 illustrates the principle of 
operation used in each of the three 
major electrodrill developments. The 


TABLE 12—-REPORTED TURBODRILL 
CHARACTERISTICS * 


Flow Press. 


Range Gpm Psi P Lb.-Ft. Rpm 

Std. of = 
Calif 7 300 156- 14- 74 400 
93 650 750 
Parsons 10-1/4 880 780 300 ed SO 
Neyrpic 10 800 925 236 1650 750 
Dresser 127- 600- 181- 585- 


10 951 N52 418 3002 730 
Russian Essentially same as Dresser Tools 
ULSI. No data reported 


* Characteristics Depend On Flow Rate 


TABLE 13—-REPORTED TURBODRILL 
STATUS 


STD. OF CALIF. INACTIVE BEFORE 1955 

PARSONS INACTIVE 1956 

NEYRPIC COMMERCIAL IN EUROPE 

DRESSER FIELD OPERATIONS 
SUSPENDED 1959 

RUSSIANS COMMERCIAL IN RUSSIA 


INACTIVE 1959 
INGERSOLL RAND INACTIVE 1957 
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RUSSIAN RUSSIAN 
(PIPELESS) (PIPE) 
Fic. 9—ScHEMATIC OF 
ELECTRODRILL DESIGNS. 


Arutunoff tool is lowered into the 
hole on a conducting wire line that 
transmits electrical power from the 
surface to a slip ring assembly at 
the upper end of the tool, which 
prevents torque from binding the 
cable. An electric motor inside the 
bottom-hole apparatus drives the bit 
through a gear-reduction system and 
also drives a small fluid pump which 
gives a local bottom-hole circulation 
(as shown by the arrows in Fig. 9). 
Friction dogs grip the hole wall and 
transmit reactive torque from the 
tool to the formation. 

The top section of the tool is a 
bailer. The pump circulates fluid and 
cuttings into the bailer, where the 
cuttings settle out. The fluid is then 
discharged from ports in the bottom 
of the tool to pick up cuttings and 
carry them up to the bailer. When 
the bailer is full, the tool must be 
pulled from the hole, the bailer 
emptied and the tool run back to 
bottom again. 

The Russian pipeless electrodrill 
(Fig. 9) has several bailer sections 
similar to that of the Arutunoff tool 
and, also, has an internal pump for 
local bottom-hole fluid circulation, 
but it is different in other respects. 
A slip ring section on the upper end 
of the tool permits the upper body 
of the tool to rotate ina direction 
opposite to that of the bit. The 
drag of the fluid on the upper body 
furnishes the torque reaction re- 


Thermal-drill developments’ and 
their investigators are listed in Table 
15. Of the two types of thermal 
drills shown, much more work has 
been done with the flame drill than 
with the arc drill. 


FLAME DRILLS 

The concept in flame drilling is to 
use a high-temperature combustion 
source to spall rock. Fig. 11 illus- 
trates the principle of operation of 
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TABLE 14—TYPICAL ELECTRODRILL 
CHARACTERISTICS 


RUSSIAN RUSSIAN 


ARUTUNOFF  (PIPELESS) _ (PIPE) 
©: D: 5-3/8" 5” 6-3/4"-10" 
POWER 3h, 60CPS, 

MOTOR 
POWER 17-1/2 HP SOKW 100-280 
MOTOR 

RPM 3600 2400 530-920 
BIT RPM 265 & 675 2000 530-920 
HOLE/TRIP 30'-60' 8'-65' 
STATUS INACTIVE ACTIVE ACTIVE 


quired to rotate the bit against the 
formation. 

The Russian electrodrill on pipe 
(Fig. 9) has an electrical conductor 
cable that passes through the center 
of the drill pipe with connectors at 
every drill-pipe joint. Drilling fluid 
is circulated from the surface down 
the drill pipe and back up the an- 
nulus to the surface. An electric 
motor in the bottom-hole apparatus 
rotates the bit, and the drill pipe 
takes the reactive torque. All three 
of the electrodrills shown in Fig, 9 
have been field tested. 

Table 14 summarizes the typical 
operating characteristics and status 
of electrodrills. Again, it is interest- 
ing to note that, for the most part, 
the power and rpm ranges of the 
Russian tools are considerably be- 
yond those normally associated with 
rotary drilling. 

The Arutunoff electrodrill develop- 
ment became inactive in the U. S. in 
1953 because of organizational diffi- 
culties and lack of adequate financial 
backing. The Russian .electrodrill 
work is active; according to reports, 
about 100,000 ft of hole per year are 
being drilled in Russia in the devel- 
opment of this tool. 


FLuip Motors 

The final development dealing with 
bit rotation means is the down-hole 
fluid motor. The concept of such 
motors is to supply bottom-hole ro- 


Thermal Rock Attack 


flame drills. As shown, two types of 
down-hole apparatus are used. The 
rotary piercing method uses drill 
pipe rotated from the surface in a 
conventional manner. The churn 
piercing method employs a bottom- 
hole apparatus tied to a wire line and 
is operated in much the same fashion 
as a cable tool bit. Fuel and water 
lines are tied to the wire line. 

Both types of flame drills require 
that oxygen and a fuel, as well as 


MUD _.| MOTORS 
MOTOR 
GEAR 
REDUCTION 
200-400 


DYNA-DRILL AIR MOTOR 
MUD 


Fic. 10—Scuematic or 
Motor Dritts. 


tation power at greater revolutions 
per minute than rotary, but without 
the complexity and cost of down-hole 
turbines. 


Fig. 10 illustrates the principle of 
operation of two fluid-motor ap- 
proaches. The Smith Tool Co. Dyna- 
Drill is a down-hole motor operated 
by pumping mud along a helical 
rotor inside a specially designed 
stator (a Moyno pump uses this prin- 
ciple in reverse). The Dyna-Drill is 
designed to rotate the bit at speeds 
ranging from 200 to 400 rpm and 
to deliver a maximum of about 40 
rotary horsepower to the bit, for 
7%-in. through 9-in. bit sizes. 

The Ingersoll-Rand drill has two 
air motors connected by a gear re- 
duction to the rotary bit. This tool is 
8-in. in diameter and is designed to 
give a maximum of about 40 hp at 
the bit at about 350 rpm. Of course, 
the Ingersoll-Rand tool is applicable 
only to drilling that can be done 
with air as a drilling fluid, which, as 
previously stated, is a very small per- 
centage of the total footage drilled. 


Both of these drills have been 
field tested. The Dyna-Drill is still 
under development. Because the lim- 
ited market may not justify develop- 
ment and manufacturing costs, the 


_ Ingersoll-Rand air motor may be- 


come inactive in the future, and 
further inquiries to Ingersoll-Rand 
about this tool are not encouraged. 


TABLE 15—INVESTIGATORS OF 
THERMAL DRILLS 


FLAME DRILLS 
LINDE COMPANY 
RUSSIANS 


ARC DRILLS 


DRILLING RESEARCH, 
INCORPORATED (BATTELLE) 
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REAMER 


BURNER 
ASSEMBLY 


Fic. 11—FLAME DRILLING. 


water, be transmitted to the bottom- 
hole apparatus. The oxygen and fuel 
are burned in a combustion chamber 
which is cooled by the water; the 
high-velocity, high-temperature gases 
ejected from the combustion cham- 
ber spall the rock, and the water 
helps solidify the slag and also forms 
steam, which helps remove the debris 
from the hole. Mechanical reamers 
are provided to insure that at least 
a gauge hole is drilled and to assist 
in removing spalled rock. 

Present flame-drilling systems do 
not permit the addition of joints of 
drill pipe to lengthen the drill string. 
Because of this, rotary piercing is 
limited to a depth of about 50 ft, and 
churn piercing is limited to a depth 
of about 150 ft. Of course, it is 
necessary to operate these tools in 
essentially an atmospheric bottom- 
hole environment. Table 16 sum- 
marizes typical operating character- 
istics of flame drills. 

Flame drilling has been used com- 
mercially in the U. S. for several 
years for drilling blast holes in 
granite and taconite mining. Only 
under extremely difficult drilling con- 
ditions can the high fuel consump- 
tion of this tool be economically 
justified. Although at various times 
some consideration has been given to 
adapting ftame drilling to deep oil- 
well drilling, so far as is known there 
is no development work now in prog- 
ress toward this end. The main deter- 
rents in this regard are the adverse 
effect of high bottom-hole pressures, 
the fact that not all oilfield rocks 
will spall, and the complex drill pipe 


Another rock-attack method is that 
of abrasion-erosion. Abrasion-erosion 
developments and their respective in- 
vestigators are summarized in Table 
18. The two investigators listed under 
the high-speed low-torque drill work- 
ed on the same development, with 
Humble Oil & Refining Co. initiat- 
ing the work and Christensen Dia- 
mond Products seeking to perfect the 
drill for field use. 
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TABLE 16—FLAME DRILLING: 
TYPICAL OPERATING 
CHARACTERISTICS 


HOLE DIAMETER 6-1/2" - 13” 


DRILLING RATE 15’ - 23'/HR. 
(Granite & Taconite) 


FUEL CONSUMPTION: 
Oxygen - 10,000 Cu. Ft./Hr. At 150 PSI 


Kerosene - 40 Gal./Hr. 
WATER CONSUMPTION - 1000 Gal/Hr. At 60 PSI 
FLAME TEMPERATURE 4300° F 
FLAME VELOCITY 6000'/SEC. 


TABLE 17—-ARC DRILLING: 
CONDITIONS POSTULATED 
FROM EXPERIMENTS 


FLUID PRESSURE IN WELL «*+++-+-2+80807+ 10,000 PSI 
ARC VOLTAGE -3,000 VDC 
ARC CURRENT 100 AMPS 
ARC ENVIRONMENT GAS OR VAPOR 
ELECTRODE CONSUMPTION: INCHES/MIN, 


ACCESSORIES : 
(A) MECHANICAL DRILL 
(B) ELECTRODE FEED-OFF MECHANISM 
{C) GAS CHAMBER FOR ARC 


and bottom-hole assembly required 
to_use this method. 


ELECTRIC ARC DRILL 


If an electric arc is substituted 
for the combustion process as a 
means of developing localized high 
temperatures, the arc drill is the im- 
mediate result, Thus, the arc drill 
uses the same basic concept as the 
flame drill, but utilizes a different 
means to attain the necessary high 
temperature. Fig. 12 shows an 
artist’s sketch of one configuration 
which might be used for an arc drill, 
the concept being based on results 
from experimental work conducted 
by Drilling Research, Inc. The arc 
drill would involve two electrodes 
spaced about | in. apart and shroud- 
ed by a high-pressure, gas-filled 
chamber to keep the borehole fluid 
away from the electrodes. Mechan- 
ical reaming of the hole gauge would 
have to be provided and is depicted 
in Fig. 12 by conventional rolling 
cutters. The down-hole assembly 


Abrasion-Erosion Rock Attack 


HIGH-SPEED, Low-ToRQUE DRILL 


The high-speed, low-torque drill 
uses a grinding-wheel action to cut 
hard rock. Fig. 13 illustrates the 
principle of operation. A nozzle at 
the lower end of the drill pipe directs 
a high-velocity jet of mud against 
turbine buckets that are an integral 
part of a diamond-faced wheel. This 
mud jet causes the wheel to rotate 


FEED OFF CONDUCTOR 
AND CABLE 
GAS 

PRESSURE 

GAS-FILLED 
\ } CHAMBER 
ELECTRODES 


Fic, 12—ArtTIST’s CONCEPT OF 
Exrectric Arc DRILL. 


would have to provide a high-pres- 
sure gas source for pressurizing the 
electrode chamber and a feed-off 
mechanism to advance the electrodes 
as they are consumed. Also, of 
course, an insulated conductor would 
be required to transmit power to the 
electrodes. 

The basic principles involved in 
arc drilling were investigated rather 
thoroughly through an experimental 
study by Battelle Memorial Institute 
for Drilling Research, Inc. Small- 
scale laboratory tests were used to 
investigate important variables. 

Table 17 lists operating conditions 
for a full-scale arc drill as postu- 
lated from experiments conducted 
by Drilling Research, Inc. It.is in- 
teresting to note from Table 17 that 
an electrode consumption of 13 in./ 
min. is predicted. This was one of 
the major factors which led to the 
termination of any further work with 
the arc drill. It is probable that elec- 
trode technology has made consider- 
able strides forward since Drilling 
Research, Inc. investigated arc drill- 
ing in the early 1950’s. However, the 
problems of providing a continuous 
electrode feed-off of even 1 in./min 
and of providing a tool that could 
stay on bottom for several hours are 
appreciable. 


Development work on the arc drill 
is currently inactive, primarily be- 
cause of electrode consumption, the 
necessity for shielding the electrodes 
in a gas-filled chamber and the prob- 
lem of conducting electrical power 
down-hole. 


at high speed, and the entire bottom- 
hole apparatus is rotated about a ver- 
tical axis to generate a hemispherical 
bottom-hole contour. A very light 
weight is used on the diamond-faced 
wheel, permitting the diamonds to 
grind away the formation. 

This tool has been extensively field 
tested, but the development current- 
ly is inactive and the tool is not 
commercially available. 


PETROLEUM TRANSACTIONS, AIME 
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Fic. 13—HuMBLE-CHRISTENSEN 
Speep, Low Torque Dritt. 


ABRASIVE JETS 
FOR PERFORATING 
Fic. 14—Aprasive-Jet Driv. 


ABRASIVE-JET DRILL 


Another abrasive-type drill op- 
erates_on the abrasive-jet principle. 
This approach utilizes a high-ve- 
locity liquid stream laden with 
abrasive particles to erode rock. 


Fig. 14 illustrates the principle of 
operation of an abrasive-jet drill. The 
particular application depicted shows 
abrasive jets being used for perforat- 
ing the wall of the hole, rather than 
for drilling the bottom of the hole. 
In operation, a mixture of liquid and 
sand or other small abrasive material 
is pumped down the tubing from the 
surface and out through small noz- 
zles in the side of the bottom-hole 
assembly. Nozzles with diameters on 


HIGH-SPEED REACTIONS 


Table 20 introduces chemical drill 
investigators. The McCullough chem- 
ical drill employs a high-velocity 
chemical stream that reacts with steel 
or rock to form volatile products 
which are then blown away from the 
reaction site. This concept was ex- 
ploited initially as a means of cutting 
tubing and casing in deep oil wells. 
However, it is reported also that the 
principle has been applied in the 
laboratory and has_ successfully 
drilled sandstone, granite and other 
rocks by molecular exchange. 
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GASOLINE 


ROCKET 
MOTOR 


Fic. 15—ArtTIstT’s CONCEPT OF 

NEAR-SURFACE RockET EXHAUST 
Dritt. 


the order of % to % in. are used, 
with pressure drops on the order of 
2,000 to 3,000 psi. This results in 
jet velocities up to about 650 ft/sec, 
but normally the duration of these 
jets is five minutes or less. Such an 
abrasive-laden jet is very effective in 
penetrating steel, concrete, rock or 
other materials. 

Abrasive-jet perforating, as shown 
in Fig. 14, is a commercial service 
currently available from at least two 
oilfield service companies. To date, 
it has not been applied to bottom- 
hole drilling, probably because of 
the problem of supplying and cir- 
culating the tremendous quantity of 
abrasive material that would be re- 
quired. Nozzle life would be another 
major problem in abrasive jets used 
for drilling. 


RoOcKET EXHAUST DRILL 


The final abrasion drill investi- 
gated is the rocket exhaust drill. This 
drilling concept is similar to that of 
the flame drill and uses high-velocity, 
high-temperature gases to erode the 
formation. Development work on the 
rocket exhaust drill -has been limited 
largely to analytical work. No com- 
plete tool was ever built, and very 
little direct experimental work was 
performed. 


Chemical Rock Attack 


Fig. 16 is an artist’s sketch of one 
configuration that could be used for 
a chemical drill. A too] containing a 
chamber of compressed gas, isolated 
from a chamber of halogen fluoride, 
is lowered into the wellbore on a 
wire line. When drilling action is 
desired, the seals on the gas chambers 
are broken by means of electrical 
detonators, and the compressed gas 
forces the halogen fluoride through a 
catalyst with a resulting high-velocity 
chemical jet which reacts with and 
removes the rock. Of course, the tool 
would then have to be lifted to the 


TABLE 18—INVESTIGATORS OF 
ABRASION-EROSION DRILLS 
HIGH SPEED - LOW TORQUE DRILLS 
HUMBLE OIL & REF. CO 
CHRISTENSEN DIAMOND PRODUCTS CO. 


ABRASIVE JET 
THE WESTERN CO. 
DOWELL 


ROCKET EXHAUST 
DRILLING RESEARCH, INC. (AEROJET.) 


TABLE 19—TYPICAL NEAR-SURFACE 
ROCKET EXHAUST DRILL DATA 


EXHAUST JET VELOCITY -------- 6,500 FT./SEC. 
EXHAUST JET TEMPERATURE: 2,500-3,500 °F 
PROPELLANT CONSUMPTION 0.25 LB./SEC. 
EXHAUST PRESSURE wie thse, ] ATM. 
EST. DRILLING RATE 30 FT/HR. 


Fig. 15 is an artist’s sketch of a 
rocket exhaust drill for use in shal- 
low holes. The sketch is not just a 
product of the artist’s imagination; 
it is based on analytical work done 
by Aerojet General Corp. for Drill- 


ing Research, Inc. Fig. 15 shows that 


a fuel and oxidizer are pumped down 
the drill string to a rocket motor. 
Water is also pumped down the drili 
string to cool the reaction chamber, 
and a mechanical reamer is provided 
to clean the gauge of the hole. The 
cuttings are returned to the surface 
by means of the exhaust gases and 
steam. 

Table 19 lists the operating condi- 
tions postulated for a near-surface 
rocket exhaust drill. 

The rocket exhaust drill develop- 
ment is currently inactive, largely be- 
cause economics are not favorable 
and because of the high back pres- 
sure which the rocket exhaust would 
have to work against in deep, fluid- 
filled holes. 


surface, recharged and lowered into 
the hole again. 

A tubing and casing cutter utiliz- 
ing this chemical-drill concept is 
commercially avaiable to the indus- 
try, but so far as is known, no fur- 
ther development work has been 
done on applying this process to rock 
drilling. 


Rock SOFTENERS 

The other chemical drills studied 
by the industry involve a different 
type of approach. This approach is 
frequently referred to as the use of 
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TABLE 20—INVESTIGATORS OF 
CHEMICAL DRILLS 


HIGH SPEED REACTIONS 
McCULLOUGH 


ROCK ‘SOFTENERS 
RUSSIAN 
AAODC (BATTELLE) 


CALIFORNIA RESEARCH 
CORPORATION 


“rock softeners” or “hardness re- 
ducers”. The basic concept behind 
the use of rock softeners is that 
chemical adsorption or reaction can 
change the properties of bottom-hole 
rock to make drilling easier. Fig. 17 
illustrates this concept more con- 
cretely. The rock-softener chemicals 
are added to the mud, which is then 
pumped down the drill pipe, and the 
desired chemical reaction or surface- 
active effect takes place on the rock 
surface being contacted by the bit 
teeth. 


FIRING LEADS 
COMPRESSED GAS 


|: EXPLOSIVELY OPENED SEAL 
HALOGEN FLUORIDE 


ALLOY CATALYST 


HIGH VELOCITY JETS 
DISSOLVE ROCK 


Fic. 16—ArTIST’S CONCEPT OF 
McCuttoucw CHEmicaL DRILL. 


The basic laboratory experimental 
work in this field was done by the 
Russian, Rehbinder, who found that, 
when certain chemicals such as so- 
dium carbonate, sodium hydroxide, 
calcium hydroxide and others were 
added to the drilling fluid in concen- 
trations of 0.02 to 0.25 per cent, 
some beneficial effects occurred on 
certain rocks. 

Various experimenters in this 


Electric and Magnetic-Wave Rock 


Exploratory work has also been 
done regarding the use of electrical 
current and magnetic waves as pos- 
sible adjuncts to improved drilling 
methods. Table 21 summarizes the 
developments and investigators in 
these fields. 


ELECTRIC DRILL 


The hypothesis of the electric drill 
is that an electric current flowing 
between the bit and the rock will 
assist the bit in drilling faster. This 
hypothesis has been evaluated with 
the laboratory test set-up shown in 
Fig. 18. This test consisted of apply- 
ing a voltage source across a bit that 
was drilling rock saturated with 
brine. Table 22 lists the conditions 
used in making this test. The un- 
published results of the test were 
inconclusive, and the test was aban- 
doned about 10 years ago. As far 
as is known, no further work is 
being done on the electric-drill con- 
cept. 


MAGNETIC-WAVE DRILL 
Patent art from the mining indus- 


TABLE 21—INVESTIGATORS OF 
ELECTRIC CURRENT AND 
MAGNETIC-WAVE DRILLS 


ELECTRIC CURRENT DRILL 
THE CARTER OIL CO. 


MAGNETIC WAVES 
ARMCO STEEL CO. 
RUSSIANS 
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try and also some Russian literature 
describe experiments with magnetic 
waves; apparatus for such a test is 
depicted in Fig. 19. The test work 
described in the U. S. patent art 
tells of subjecting a 15-in. cube of 
taconite to a 5-megacycle signal that 
had a power level of about 25 kw. 
The tests were performed by using a 
single loop of %-in. water-cooled 


\ 


DRILL PRESS 


VOLTAGE SATURATED 
SOURCE : ROCK 
SAMPLE 
— CORE 
WATER 


o— 


Lagporatory TEST SET-UP. 


25 KW 
5 MC 
3/8" WATER 
COOLED 
TUBING 


After H. La. Tour et al 


Fic. 19—Rock By 
Macnetic WAVES. 


TYPICAL : 
CHEMICALS —~: 
Na OH 
co OM; 
Nay Si, 09 
Na, PO 
TYPICAL 
/ “CHEMICALS GIVE 
CONCENTRATIONS. REACTIVE OR 
- 0.25% ~SURFA 
Fic. 17—CuemicaL Rock 
SOFTENERS. 


country have from time to time made 
laboratory studies of rock softeners 
with somewhat favorable results. As 
far as is known, to date no one has 
been able to translate any of the 
favorable U. S. laboratory results 
into practical field application. 

At least one major research organ- 
ization, California Research Corp., 
currently is active on further devel- 
opment work with chemical rock 
softeners. 


Attack 


tubing around the block of taconite 
with about a 1%-in. space between 
the tubing and the block of rock. 
However, the patent art further in- 
dicates that it is not necessary to 
surround the rock with the wave 
guide, but that a similar destructive 
effect can be obtained by placing the 
coil parallel and close to one of the 
faces of the rock. 

When subjected to energy of this 
sort, experiments have shown that 
taconite cracks and spalls imme- 
diately. The Russians have reported 
this same effect, using 2% kw of 
power at frequencies of about 3 
megacycles. The Russian disclosure 
also mentions the effect on granite 
and sandstone, as well as on taconite. 
However, this Russian disclosure did 
not appear in a technical publication. 
So far as is known, no application 
of this magnetic-wave principle has 
been or is being made to oilwell 
drilling. 


TABLE 22—-ELECTRIC DRILL: TEST 
CONDITIONS AND STATUS 


BIT DIAMETER::::- 1-1/4 INCHES 


BIT TYPE DIAMOND & 
DRAG 

ROG LIMESTONE & 
SANDSTONE 

ROCK 

SATURATION BRINE 

440-2200V. AC, 
308V. DC 

SAMPLE 

_RESISTANCE 38 OHMS 
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PART Il! — EFFORTS NOT RELATED TO ROCK ATTACK 


The foregoing material completes 
the review of industry’s efforts to 
develop improved drilling methods 
emphasizing rock attack means pri- 
marily. As was pointed out in the 
introduction, the industry also has 
been seeking to develop new systems 
that are unique in ways other than in 
method of rock attack. Table 23 
summarizes these developments and 
lists their principal investigators. 


RETRACTABLE BITS 


The retractable-bit approach pro- 
vides a bit which can be changed 
without pulling the drill pipe. 


RETRACTABLE Bits For 
RoTARY DRILLING 


Fig. 20 illustrates the principle 
of operation of The Carter Oil Co. 
three-cone retractable bit. When in 
the retracted or collapsed condition, 
_-the cones and expanding mechanism 
can be lowered through over-sized 
drill pipe on a wire line. When the 
collapsed bit assembly reaches the 
bottom of the drill pipe, the expand- 
ing mechanism expands the cones 
and_tocks them in place, as shown 
in the extended position of Fig. 20. 


The wire line is then pulled out 
and drilling is started and continued 
until the cones become dull. At this 
time, the wire line is dropped down 
the drill pipe, latched onto the bot- 
tom-hole assembly and the bit is 
collapsed and pulled out of the drill 
pipe on the wire line. The cones can 
then be changed and lowered back 
into the drill pipe for another run. 


The development of retractable 
bits by Carter included a total of 
1,563 ft of field drilling with four- 
cone and three-cone retractable bit 
models. Based on the drilling rate 
and bit-life results from these tests, 
calculated economics appeared at- 
tractive. However, .to realize any 


TABLE 23—INVESTIGATORS OF 
APPROACHES OTHER THAN 
IMPROVED ROCK ATTACK 


RETRACTABLE ROCK BITS 
THE CARTER OIL CO. 


REELABLE DRILL PIPE 
Cc. E. BANNISTER 


CONTINUOUS CORING 
STRATO-DRILLING, INC. 


AUTOMATIC RIGS 
HUMBLE OIL & REF. CO. 
INT'L DRILLING MACHINES 
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RETRACTED 


EXTENDED 


Fic. 20—Carter THREE-CONE 
RETRACTABLE Bir. 


appreciable savings, surface equip- 
ment would have to be redesigned 
to reduce investment costs and to 
permit operation with a smaller crew. 


The Carter retractable bit has been 
licensed to a major bit manufacturer, 
but no application of this develop- 
ment has been made in the field. 
Principal reasons for lack of imme- 
diate field application are (1) size 
limitations imposed on cones and 
bearings by the retractable feature 
and (2) the fact that surface equip- 
ment must be completely redesigned 
to gain the full economic benefit 
from this new drilling system. 


RETRACTABLE BITS FOR 
‘TURBODRILLING 


Fig. 21-shows two versions of re- 
tractable bits used in turbodrilling 
by the Russians. Russian technical 
literature reports that their early re- 
tractable turbodrill and bit combi- 
nation was designed to be run on a 
wire line inside of 8-in, casing and 
that it was tested in the drilling of 
two wells in 1954. Trip times of 
one-half hour from 3,000-ft depths 
are reported using this method. This 
development is still active, and re- 


cent reports indicate that increased” 


emphasis is being placed on the de- 
velopment of retractable bits that 
can be used either for rotary drill- 
ing or turbodrilling. 


After PETROLEUM WEEK 


Fic. 21—Soviet Two-ConeE AND 
THREE-CoONE RETRACTABLE BITS. 
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REELABLE DRILL PIPE 


Another new-system approach is 
reelable drill pipe. The idea behind 
this system is to make the drill pipe 
flexible so it can be reeled onto a 
drum as it is pulled from the hole. 


Fig. 22 illustrates the principle of 
Operation in one reelable drill-pipe 
system. In the original concept, a 
rubber hose was used as the drill 
pipe, with the hose couplings de- — 
signed so that the weight of the hose 
and bottom-hole drilling assembly 
could be taken by steel cables at- 
tached to these couplings. The coup- 
lings on the hose were also fixed 
so that, as the hose was pulled out 
of the hole, the steel cables could be 
separated from the couplings and 
spooled upon separate drums. In this 
system, a bottom-hole mud _ percus- 
sor and an oscillator were used at 
different times during the develop- 
ment to drive the bit. 


About 25 years ago, a total of 


-4,000 ft of hole was drilled with the 


system depicted in Fig. 22 to a max- 
imum depth of about 2,000 ft. A 
related item of interest lies in Opera- 
tion Pluto during World War II, in 
which steel pipelines were laid across 
the English Channel by unspooling 
continuous steel pipe from a large 
floating reel. 

The reelable drill-pipe system 
shown in Fig. 22 became inactive 
about 20 years ago because of the 
lack of a suitable down-hole motor 
for use with this system. 


CONTINUOUS CORING 


Still another system approach in- 
volves continuous coring with reverse 
circulation, This is not new in the 
industry and has been used to a lim- 
ited extent for special-purpose jobs 
on various occasions by many differ- 
ent companies. Fig. 23 illustrates this 
concept which involves cutting only 
an annulus, rather than the entire 


After Bannister 


Fic. 22—-SCHEMATIC OF REELABLE 
SYSTEM. 
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Fic. 23—ContTinuous CoriInG WITH 
REVERSE CIRCULATION. 


hole bottom, and then breaking off 
the resultant core and circulating the 
core up the drill pipe to the surface. 
This corresponds roughly to a proc- 
ess known as “trepanning” in the 
metal-boring industry. 

Recently, a Houston firm has be- 
gun using two-channel drill pipe to 
overcome the problems of increased 
annulus pressure (lost circulation) 
and core jamming, which in the past, 
have plagued reverse-circulation cor- 
ing. This firm has successfully re- 
covered 1,400 ft of continuous core 
and, at present, is actively continuing 
its development work. 


AUTOMATIC RIGS 


SEMI-AUTOMATIC RIG 


The final system approach to be 
mentioned is that of rig automation. 
Humble developed a semi-automatic 
rig to handle drill pipe when making 
trips to change bits. The object of 
this approach is to decrease trip time 
and crew fatigue. 


From this review of industry’s ef- 
forts to cut drilling costs through 
tool-development programs, it ap- 
pears that industry may be approach- 
ing the point of diminishing returns 
in equipment developments aimed at 
preconceived end results. Industry, 
to one extent or another, has tried 
or is trying just about every generic 
approach that can be conceived, and 
yet has not been able to develop a 
drilling system generally more eco- 
nomical than the rotary. Further- 
- more, many of these approaches have 
been refined considerably by testing 
several variations—but without not- 
able success to date. 

Therefore, it appears that indus- 
try’s problem is not a development 
problem, but a research problem. 
Research must perform its true func- 
tion of evolving new information if 
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DERRICK 
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UPPER 
RACKER 


Fic, 24-HuMBLE SEMI-AUTOMATIC 
Ric. 


Fig. 24 illustrates the major com- 
ponents of Humble’s semi-automatic 
rig, developed about 1950. These 
components include a lower pipe- 
racker, an upper pipe-racker, an air- 
operated elevator and a traveling- 
block deflector to permit the travel- 
ing block to be moving vertically 
in the derrick while the pipe-racking 
tools are operating. Power slips and 
power tongs also were used in the 
operation. This equipment was class- 
ed as semi-automatic because it 
simply replaced men’s hands with 
steel “hands”; one man was still re- 
quired to operate the controls at 
each position. 

This equipment was developed 
from 1949 to 1953 and was field 
tested for at least one year. During 
the field-testing work, over 75,000 
ft of hole were drilled. This develop- 
ment became inactive when experi- 
ence indicated that maintenance and 
time for installation on rig moves 
resulted in excessive cost over and 
above the savings which accrued 
from use of the equipment. 


Additional Science Needed 


industry is to make continuing, sig- 
nificant, long-term reductions in drill- 
ing costs. The required new informa- 
tion lies in two areas—(1) theory 
and principles governing various sub- 
surface rock-failure processes and 
(2) basic physical and engineering 
data relative to these processes. 

To discuss in detail the basic and 
fundamental work that has been and 
should be done relative to earth- 
boring would require another paper. 
(Undoubtedly, such a paper would 
render a much-needed service to the 
industry.) The following lists areas 
in which additional science is needed 
if industry is to approach drilling 
research and drilling-cost reduction 
on a systematic basis. 


1. Rock properties under subsur- 
face conditions. 


THIS DRAWING COPYRIGHT 
1959 BY INTERNATIONAL 
DRILLING MACHINES. ALL 
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Fic, 25—Automartic Ric. 


AUTOMATIC RIG 

International Drilling Machines is 
applying the concepts of machine 
tool automation to the automation 
of a drilling rig. Fig. 25 shows a 
perspective drawing of the proposed 
mast for the automatic rig. 

The rig will be completely auto- 
matic, electronically controlled and 
hydraulically operated. The auto- 
matic functions of the proposed rig 
will include acceptance and rejection 
of drill-string components and cas- 
ing, cleaning of tool joints, making 
and breaking of tool joints, bit- 
weight control, drilling-fluid control, 
bit changes and monitoring of cut- 
tings for presence of oil and/or gas. 

The design of this rig has been 
under development since 1952, and 
most work to date has been with 
models to test the functioning of 
various components or to establish 
design symmetry. The development 
is currently active, and initial con- 
struction work is contemplated in 
the fall of 1960. 


2. Effect of state of stress on rock 
properties. 

3. Borehole stress distribution. 

4. Rock stresses resulting from 
bit action. 

5. Means of changing borehole 
rock properties. 

6. Mechanism of down-hole chip 
formation and ejection. 

7. Effect of fluids on chip forma- 
tion and ejection. 

8. Rate of loading effects in rock 
failure. 

9. Mechanism of and factors con- 
trolling down-hole rock failure rela- 
tive to percussors, rolling cutters, 
diamond bits and drag bits. 

10. Energy required to remove a 
unit volume of down-hole rock by 
various attack methods. 
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11. Mathematical models that can 
be used to study and optimize bit 
action and rock failure. 

12. Mechanics of rotary drill- 
string action. 


This list in no way implies that 
the fields listed are virgin and unex- 
plored. To the contrary, some very 
good initial work has already been 
conducted in many of these areas, 
particularly within the last two or 
three years. 


CONGEUSLONS 


Research efforts on fundamental 
drilling studies should be acceler- 
ated and intensified to insure rapid 
and steady progress toward long- 
term drilling cost reductions. Funda- 
mental studies will develop princi- 
ples and engineering data that can 
hasten major rotary drilling improve- 
ments as well as pave the way for 
systematic evolution of any new 
system that may be superior to 
rotary. 

Of course, the unexpected can 
always happen; some individual, 
through a flash of genius, may ac- 
complish what the concerted efforts 
of industry have thus far failed to 
do. However, this flash-of-genius ap- 
proach cannot be predicted, directed 
or controlled. 

Thus, it appears that increased 
emphasis must be placed on syste- 
matic drilling research. Once re- 
search has developed adequate basic 
information, hardware development 
programs can then be initiated to- 
ward preconceived end results, with 
the knowledge that such programs 
will have a very high probability of 
success. 
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Determination of Effective Capillary Pressures 
For Porous Media from Imbibition Data 


L. L. HANDY 
MEMBER AIME 


AS AUC 


~- Two equations are compared for calculating imbibi- 
tion rates of water into porous media. A linear relation 
was found to apply when the square of the volume of 
water imbibed was plotted against time for water imbib- 
ing in natural rock materials. 


The effect of adsorbed organic materials on surface 
wettability was determined from measurements of rate 
of imbibition, water saturation and. water permeability. 


LO.N 


An understanding of the mechanisms by which water 
displaces oil from porous media requires an under- 
standing of the role of capillary forces in the displace- 
ment process. The capillary forces are determined by 
properties of the water-oil-solid surfaces. Consequently, 
some measure of the surface properties of reservoir 
rocks is necessary if displacement behavior in oil 
reservoirs is to be predicted from laboratory measure- 
ments. 

Several experimental procedures have been proposed 
to assign quantitative wettability indexes to reservoir 
rock surfaces. The most recent of these proposals are 
those of Bobek, Mattox and Denekas' and Amott.” 
These indexes are designed to show a continuous varia- 
tion from the preferential oil-wet to the preferential 
water-wet systems. They require measuring some prop- 
erty of the rock which is a function of surface wetta- 
bility. The quantities are measured on unaltered core 
material and compared with values obtained for known 
oil-wet and water-wet extremes on the same material. 
These methods are useful but are semi-empirical in 
nature. They have the disadvantage that the measured 
quantities may be functions of other variables in addi- 
tion to surface wettability. 

Some understanding of the behavior of water-oil-rock 
systems may be obtained from studies of the simpler 
water-air-rock systems. Surfaces of a given wettability 
are more easily maintained for the latter. Also, certain 
approximations can be made for the flow of water 
and air which are not justified for water-oil flow. The 
theoretical and experimental work discussed in this 
paper is part of a study of the role of capillarity in 
the dynamic displacement of air by water. The expec- 
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tation is that observations for the water-air system will 
lead to generalizations which are applicable to water- 
oil systems. 


Oe 


Imbibition is defined as that process by which one 
fluid displaces another from a porous medium as a 
result of capillary forces only. Differential equations 
have been derived to describe the displacement of oil 
by water during imbibition, but these equations have 
not been solved.** With certain assumptions, however, 
solutions are possible for water-air imbibition. 


DERIVATION OF DIFFUSION-TYPE EQUATION 


The soil scientists have derived an equation to de- 
scribe the movement of water into dry soils. The basic 
assumptions in the derivation are (1) both the water 
and air are continuous phases behind the imbibing 
water front, (2) the pressure gradient in the gas phase 
is negligible both ahead and behind the imbibing water 
front, and (3) the capillary pressure gradient over any 
increment of length provides the driving force for over- 
coming viscous forces in that same incremental length. 

With these assumptions one can combine Darcy’s 
equation, the capillary pressure equation and the equa- 
tion of continuity to obtain the following equation. 


$ ( k, oP, (1) 
t OX VNG 

where 
¢@ = fractional porosity, 
S,. = fractional water content of the pore spaces, 
k,. = effective water permeability in darcies, 
= Water viscosity in centipoises, 
P, = capillary pressure, 


t = time in seconds, and 
x = distance in centimeters 


The similarity to the diffusion equation is noted if 
a saturation-dependent diffusion term, D, is substituted 
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Solutions have been published for various boundary 
conditions and functional dependences of D on satura- 
tion. Kirkham and Feng’ compared experimental data 
with solutions obtained assuming D independent of 


=; 
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saturation, These solutions predicted that the volume 
of water imbibed vs the square root of time would give 
a straight line. The experimental results confirmed this 
prediction, but the shape of the front was quite dif- 
ferent from that expected from the diffusion equation. 
Klute’ obtained numerical solutions in which D was 
calculated as a function of saturation from experimental 
data. These solutions showed a frontal development 
more nearly in agreement with observations. Gardner 
and Mayhugh’ found that a D related exponentially to 
saturation could describe experimental data very satis- 
factorily. All of these calculations use steady-state 
capillary pressure and relative permeability data. The 
use of these data assumes that water enters the small 
capillaries first and the larger ones later. This assump- 
tion will be discussed in more detail later. 


DERIVATION OF EQUATION FOR 
PISTON-LIKE DISPLACEMENT 


Many of the assumptions in the development of the 
diffusion-type equation can be questioned. First, most 
of the gas is probably trapped as a discontinuous phase 
behind the imbibing water front in an unrestricted 
imbibition. Second, if the gas phase is discontinuous, the 
pressure gradient in the gas phase is a meaningless 
quantity. Almost certainly, however, gas trapped at the 
upstream end will be at a pressure greater than that 
trapped farther downstream; furthermore, the pressure 
in any particular isolated island of gas will increase 
as imbibition continues. Gas trapped at ambient pres- 
sure will end up at a pressure greater than the ambient 
by an amount equal to the capillary pressure. Third, 
for a region in which the gas is immobile, the capillary 
pressure gradient cannot provide the pressure gradient 
for flow. 

With different assumptions, an alternative equation 
can be derived which leads to the same dependence 
of volume imbibed on the square root of time as that 
predicted by the diffusion equation. However, the pro- 
portionality constant is more easily interpreted in terms 
of capillary pressure and, hence, in terms of the wetta- 
bility of the rock surfaces. 

In many respects, the rate of imbibition in porous 
media is analogous to the rate of capillary rise in capil- 
laries. From this analogy, the assumptions in the deri- 
vation of the alternative equation are (1) the water 
imbibes in a piston-like manner and (2) the pressure 
gradient in the gas phase ahead of the water front can 
be neglected. If imbibition occurs vertically upward, the 
flow equation is 


ky 


where v,, = flow rate (cm’/cm’/seéc), 
Ap = density difference for water and air, 
acceleration due to gravity, and 
x = position of front. 
In Eq. 3, P, is a constant. 
For a piston displacement, 


II 


Ox 
= $ So (4) 
Substituting Eq. 4 in Eq. 3, one obtains 


ax 


The integration of Eq. 5 gives a result analogous to 
that for rate of capillary rise in a capillary tube. 
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For Pe «l (i.e., when the gravity forces are much 


less than capillary forces), Eq. 10 reduces to 


2P.k 

$8 =) 
Since x = ie when Q,, equals total volume of 

water imbibed, 
2P w 

t . . . . . (8) 
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where A = cross-sectional area of sample. 

Thus, P, k, can be obtained from the slope of the 
plot of the square of the volume of imbibed water vs 
time. Since the effective water permeability, k,, can 
be measured independently, an effective capillary pres- 
sure can be derived from an imbibition experiment. 
This effective capillary pressure is a measure of the 
wettability properties of the rock surfaces. 

Two important differences can be noted between the 


‘diffusion equation and Eq. 8. First, the diffusion equa- 


tion (at least when steady-state permeability and capil- 
lary-pressure data are used) predicts that the small 
capillaries fill first and the larger capillaries later. In 
piston-like displacement, ail capillaries fill at the same 
lime leaving a residual gas saturation behind. Second, 
the diffusion equation is based on the assumption that, 
over any increment of length in the direction of flow, 
the potential generated by capillary forces is dissipated 
in viscous flow within that same incremental length. 
In the derivation of the piston displacement equation, 
the capillary forces at the front were assumed to pro- 
vide the driving force to overcome viscous flow through- 
out the porous medium in which water is flowing. 


In capillary tubes, imbibition proceeds more rapidly 
in larger capillaries. It is reasonable to expect similar 
behavior in porous media. If this is correct, the larger 
capillaries will imbibe first, and the water will move 
through them into the smaller capillaries. Also in 
capillary tubes, the capillary pressure is the pressure 
difference across the interface. That pressure difference 
furnishes the driving force for viscous flow throughout 
the water-filled tube. For porous media, the capillary- 
tube analogy is good if only a residual gas saturation 
is left behind the imbibing front. 


The experiments discussed in the present paper were 
intended to test the linear relation predicted by Eq. 8 
for consolidated porous media. Some deductions are 
made from the experimental results about the validity 
of the assumptions in the diffusion-type and piston- 
displacement equations. The imbibition method was 
used also to measure the effect on capillary pressure 
of adsorbing various organic compounds on the rock 
surfaces before imbibition. 


EXPERIMENTAL PROCEDURES 


The core material for these studies was a consoli- 
dated sandstone from an outcrop near Boise, Idaho. 
For comparison, some results were obtained with a 
limestone core of the type described by Brankamp and 
Powers.’ The cores were not encased in any mounting 
material. The displaced air could escape from the 
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sides as well as from the normal outflow face, thereby 
reducing the pressure gradient in the gas phase. The 
gradient was neglected in the derivation of Eq. 8. The 
cores were fired at 750°F for five or more hours to 
remove contaminating materials from the rock surfaces. 
After firing, the cores were stored in a desiccator until 
used in imbibition experiments. The core plugs were 
about 2.5 cm in diameter and 5.0-cm long. 


The apparatus shown in Fig. 1 was used to measure 
the volume of water imbibed as a function of time. A 
layer of coarse sand, 35 to 48 mesh, was placed on a 
copper screen supported by a Coors filter funnel. A 
10-ml buret was connected to the funnel stem with 
Tygon tubing. The level of water in the buret was ad- 
justed to bring the water level in the funnel just below 
the upper surface of the sand layer. At the beginning 


of an experiment, a core was set on the sand surface.. 


The level of the water was maintained constant in the 
sand pack during imbibition by adjusting the buret. 
Volumes of water imbibed were read from the buret as 
functions of time. 


At the conclusion of imbibition, the cores were re- 
moved from the funnel and placed in a Hassler sleeve, 
a neoprene jacket which is forced against the side of 
the core to permit measuring permeabilities in un- 
mounted cores. Effective water permeabilities were 
measured at low water-flow rates. Low rates were used 
to avoid changing the water saturations during the 
measurements. At the conclusion of the permeability 
measurements, the cores were weighed and the volume 
of water in the cores determined. These volumes were 
compared with those obtained during imbibition. The 
difference was, in all cases, less than 3 per cent of a 
pore volume. ae 


The effect was studied of adsorbing water and the 
several organic compounds onto the rock surface before 
imbibition. The fired cores were placed in a vacuum 
desiccator and evacuated. They were then left in con- 
tact with the vapors of the various compounds for 16 
hours or longer. The pressure of the vapors was the 
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vapor pressure at room temperature, 72°F. Substances. 
which were adsorbed included (in addition to water) 
methanol, acetone, heptane and isopropyl alcohol. The 
quantity of material adsorbed was determined by weigh- 
ing. 


RESULTS AND DISCUSSION 


The results of the imbibition experiments for three 
sandstone cores and one limestone core are summarized 
in Table 1. The Q’ vs ¢ plots for the fired cores are 
shown in Fig. 2. In all imbibitions, reasonably straight 
line plots were obtained. The imbibition rate was the 
most rapid in cores with the highest permeability, as 
expected. The capillary pressure is inversely propor- 
tional to the first power of the pore radius, but the per- 
meability is proportional to the square of the radius. 
This result is similar to that predicted for capillary 
tubes. 


Repeat imbibitions on a given sample gave effective 
capillary pressures which normally agreed within 10 per 
cent. In the computation of capillary pressures from 
the slopes in Fig. 2, the largest error is in the effective 
water permeability. The measurement of the effective 
water permeability in partially water-saturated cores 
may be in error by 10 to 20 per cent. Although the im- 
bibition method is not very precise, it does give a meas- 
ure of capillary forces in imbibition. For comparison 
purposes, static capillary-pressure curves for the sand- 
stone cores are shown in Fig. 3. These curves were 
measured by the conventional, porous-plate method, 
with air displacing water. 

The straight lines obtained in Fig. 2 do not necessar- 
ily confirm the assumptions for which Eq. 8 was de- 
rived. As noted previously, similar results have been 
obtained by others’ working with unconsolidated soils. 
Their results have been used to support the diffusion 
equation with a saturation-dependent diffusion coeffi- 
cient. 


Additional evidence of the frontal character of im- 
bibition can be obtained from measurements of satura- 
tion profiles during imbibition. In the experiments re- 
ported in the present paper, no direct measurement of 
saturation profiles was made. Some visual evidence was 
obtained, however. First, water arrival at the top of the 
core showed non-uniformity in the distribution of water 
perpendicular to the direction of flow. Nevertheless, 
visually measuring the distance of water advance along 
the side of the core could be substituted for measuring 
the volume of water imbibed. Second, after the top of 
the core was wetted over its entire surface, imbibition 
continued until another 5 to 10 per cent of a pore vol- 
ume was imbibed. The Q’ vs t plots remained linear 
until imbibition was complete. The end of imbibition 
was always quite abrupt—contrary to what would be 
expected for a diffusion-type process. These observa- 
tions show that the displacement was not completely 


TABLE 1 — SUMMARY OF RESULTS OF IMBIBITION EXPERIMENTS 
FOR FIRED CORES 
Core Number 


1 4 
Type* ss ss ss Is 
Permeability (darcies) -528 1.224 1.100 .318 
Porosity .279 .297 .299 .272 
Cross-sectional Area (cm?) 4.85 4.85 4.85 4.90 
Water Saturation (PV)** -665 -691 .675 719 
Water Permeability (darcies) 064 FA iE} 14 028 
Capillary Pressure (atm) .070 .050 .060 .074 
*ss = sandstone 
Is = limestone 
**PV = Pore Volume 
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piston-like, but still strongiy frontal in character, Gard- 
ner and Mayhugh show, however, that reasonably fron- 
tal displacements can be predicted from the diffusion 
equation for a particular dependence of the diffusion 
coefficient on saturation. 


THE EFFECT OF PRESSURE AND TEMPERATURE 

During imbibition in a consolidated porous medium, 
a residual gas saturation is left behind the water front. 
When imbibition is conducted at atmospheric pressure, 


32 T T T T 
28 | 
24 + 4 
20 
N 
4 
> 
12 5 
© CORE | 
O CORE 2 
L A CORE 3 | 
8 CORE 
0 ie 1 L 
0 200 400 600 800 1000 1200 


TIME-SEC 


Fic. 2—Imprsition Rate as A FUNCTION OF TIME 
FOR Frrep Cores. 


+30 T T | T T 1 i T jie 
\\ CORE | © 
\; CORE 2 9 
\\ CORE 3 A 
\ 4 
\ 
\\ 
A 
4 


O 520) 230 280) 


-40  .50  .60 
WATER SATURATION 
Fic. 3—Sratic CAPILLARY PRessurRE AS A FUNCTION OF 

SATURATION FOR SANDSTONE CoRES, 


the assumptions in the derivation of Eq. 8 require that 
the gas be trapped at atmospheric pressure. At the con- 
clusion of imbibition, the water phase is at atmospheric 
pressure, and the gas is at a pressure greater than at- 
mospheric by an amount equal to the effective capil- 
lary pressure. Some decrease in the volume of the 
trapped gas must result from the increase in pressure. 
From 2 to 4 per cent of a pore volume of water may 
be imbibed after the top of the cores are wetted just 
from the decrease in gas volume. At lower pressures, 
the additional imbibition of water should be larger and 
the residual gas saturations smaller. If the mechanism 
of imbibition is that postulated in the derivation of the 
diffusion-type equation, no effect of pressure would be 
predicted. 

Imbibitions were measured for the three, fired, Boise 
sandstone cores at absolute pressures of .066 atm. The 
results are shown in Fig. 4. Final water saturations were 
10 to 15 per cent of a pore volume greater than those 
for imbibition at atmospheric pressure. The increased 
water saturations result in substantially higher, effective. 
water permeabilities and, hence, more rapid imbibition 
rates. 

The results support the argument that a trapped-gas 
phase is left behind the imbibing water front. This is 
an important consideration in comparing the diffusion- 
type and piston-displacement mechanisms. For a trapped 
gas, the pressure difference between the water and gas 
phases—the capillary pressure—cannot change appre- 
ciably after entrapment. Hence, the capillary pressure 
gradient could hardly provide the pressure gradient for 
flow in the region in which gas is trapped and not flow- 
ing. 

The effect of temperature on imbibition was meas- 
ured for the three Boise cores. The results for Core 1 
are given in Fig. 5. Similar results were obtained for 
the other two Boise cores. Imbibition rates were meas- 
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ured at temperatures of 40°, 72° and 122°F. If the 
contact angle is unaffected by changes of temperature 
for water imbibing into fired cores, temperature should 
affect the rate of imbibition only from its effect on the 
surface tension and viscosity of water. If this is correct, 
the product of the slopes from Fig. 5—the water vis- 
cosity—and the reciprocal of the surface tension should 
be about constant for all three temperatures. These 
products were found to agree within experimental er- 
ror. Rate of imbibition increased with an increase in 
temperature. 


EFFECT OF ADSORBED MATERIALS ON THE 
EFFECTIVE CAPILLARY PRESSURE 

For imbibition in which gravity effects are negligi- 
ble, the energy consumed in viscous flow must be de- 
rived from the energy released in wetting the solid sur- 


face. If all of the free surface energy were converted 


into energy for flow, one might expect to obtain the 
free energy of wetting from imbibition experiments, As 
Adams and Livingston’ noted, however, the water vapor 
adsorbs ahead of the advancing liquid front. It is this 
adsorbed layer of water that the advancing water front 
contacts. Most of the free surface energy is released 
in the adsorption of water vapor on the surface and is 
not available during imbibition. Furthermore, so long 
_as the contact angle of the water is zero on the solid 
surface, changes in the air-solid free surface energy will 
not affect the observed imbibition capillary pressure. 
For zero contact angle, the interfacial tension at the 
solid-air interface less that at the solid-water interface 
is equal to or greater than that at the water-air inter- 

Comparisons were made of imbibition pressures for 
freshly fired cores and cores on which water vapor had 
been adsorbed before imbibition. Fig. 6 gives a com- 
parison of imbibition rates for one of the three sand- 
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stone cores with and without pre-adsorbed water. Re- ~~ 


sults for the other two cores were similar. The com- 
puted capillary pressures are given in Table 2. The 
agreement in imbibition capillary pressures shows that 
the reduction of the solid-air free surface energy from 
the pre-adsorption of water on the solid surface had 
little or no effect on the imbibition and, therefore, on 
the contact angle. 


The effect of adsorbing other materials on the rock 
surface was considered. Substances expected to reduce 
the effective capillary pressure were compounds with 
strong polar groups to adsorb on sites normally occu- 
pied by water but with hydrophobic groups to expose 
to the imbibing water. The results with various organic — 
compounds are also shown on Fig. 6 for one of the 
sandstone cores. The effective capillary pressures for 
all cores are given in Table 2. 


Adsorption of an organic material on the rock sur- 
face may alter imbibition behavior either from the ef- 
fect of dissolved absorbate on the water-air interfacial 
tension or from the effect of adsorbates on the water- 
solid contact angle. The experimental data indicated 
that the effect on contact angle was the more important. 
First, the changes in observed capillary pressures did 
not correlate well with effects of the organic compounds 
on the surface tension of water for comparable volu- 
metric concentrations of organic material. Second, if 
surface contamination were an important consideration, 
one would expect the contamination to increase and, 
as a result, the capillary pressure to decrease as the 
water front progressed through the core. Deviations 
from the straight lines in Fig. 6 should have been ob- 
served. Actually, the linear relation applied very well 
for all runs. 


Isopropyl alcohol and acetone significantly reduced 
the effective capillary pressure for all cores. If one as- 
sumes that the change is a result only of a change in 
contact angle, the angles can be estimated for water on 
the contaminated surface. For a capillary tube, the ra- 
tio of the capillary pressures with and without adsorp- 
tion equals the ratio of the cosines of the contact an- 
gles on the solid surfaces. If this relation is used for 
porous media and zero contact angle is assumed for 
water on freshly fired surfaces, the computed contact 
angles after isopropyl alcohol adsorption in Cores 1, 
2 and 3 would be 45°, 50° and 56°, respectively. 


TABLE 2 — EFFECT OF ADSORBED MATERIALS ON ROCK WETTABILITY 


Material Core No. 
1 3 
Water 
Water Saturation (PY)* .708 721 .706 
Adsorbed Water (PV)* .023 .017 .017 
Water Permeability (darcies) -056 -151 -151 
Capillary Pressure (atm) -070 049 -051 
656 676 660 
Water Saturation (PV)* 
Adsorbed Methanol (PY)* .011 .008 
Water Permeability (darcies) 059 .147 
Capillary Pressure (atm) .063 .040 .050 
676 666 
Water Saturation (PY)* 
Adsorbed Heptane (PY)* .024 .022 019 
Water Permeability (darcies) 050 .140 .130 
Capillary Pressure (atm) .070 048 -054 
Acetone 
Water Saturation (PV)* .681 
Adsorbed Acetone (PY)* .033 .028 .028 
Water Permeability (darcies) .068 .213 .185 
Capillary Pressure (atm) 047 .026 039 
Isopropyl Alcohol 
Water Saturation (PV)* -653 677 aed 
Adsorbed Alcohol (PV)* .010 .010 
Water Permeability (darcies) -059 155 
Capillary Pressure (atm) 049 .032 A 
*PV = Pore Volume 
79 
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Methanol had a somewhat smaller effect on the imbi- 
bition pressure than isopropyl alcohol or acetone. Al- 
though methanol has a — OH group to form an adsorp- 
tion bond, the smaller number of methyl groups might 
be expected to give less hydrophobic character to the 
rock surfaces than was observed for acetone and iso- 
propyl alcohol. 


Heptane has no polar groups for adsorption. It was 
expected, therefore, that the imbibing water would 
readily displace it from the surface. In agreement with 
these expectations, heptane had little effect on the im- 
bibition capillary pressure. However, when heptane had 
been adsorbed on the surface, the rate of imbibition 
was reduced. The reduction in rate resulted from lower 
water permeabilities which, in turn, resulted from lower 
water saturations. Heptane was the only material used 
which was not soluble in water. The differences in water 
saturation and permeability probably resulted from an 
insoluble heptane phase trapped in the core at the con- 
clusion of imbibition. 

The results show that neither quantity of water im- 
bibed nor rate of imbibition is in itself a good indica- 
tion of the effect of an adsorbed material on surface 
wettability. The total amount of water imbibed after 
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adsorbing isopropyl alcohol and acetone was not appre- 
ciably less than that for imbibition into freshly fired 
cores. The computed capillary pressures were, however, 
significantly less. Although the rate of imbibition was 
reduced after adsorption of heptane, the effective capil- 
lary pressure was not changed appreciably. 


CONCLUSIONS 


1. An equation has been derived for predicting water- 
imbibition behavior in porous media. The principal as- 
sumption is that water displaces air in a piston-like 
manner. Although the resulting equation is compara- 
tively simple, the experimental observations are more 
in agreement with this equation than with more ele- 
gant equations which assume phase continuity behind 
the front. 

2. From the slope of a plot of Q* vs t, one can com- 
pute an effective capillary pressure which, in turn, can 
be used as a measure of rock wettability in the water- 
air-solid system. 

3. The effect on rock wettability when various ma- 
terials were adsorbed on the rock surfaces was deter- 
mined from imbibition experiments. To have a signi- 
ficant effect on rock wettability, the compounds had to 
be adsorbed strongly and had to leave hydrophobic 
groups exposed to the imbibing water. Of the materials 
used, isopropyl alcohol and acetone had the largest ef- 
fect. 

4. Changes in rock wettability could not be deter- 
mined solely on the basis of either rate of imbibition or 
quantity of water imbibed. 
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Two-Phase Flow in Two-Dimensional 
Systems—Effects of Rate, Viscosity and 
Density on Fluid Displacement in Porous Media 


ROBERT G. HAWTHORNE 
MEMBER AIME 


ABSTRACT 


This report is concerned with fluid displacement in 
porous media, in those cases where viscous and gravi- 
tational forces control the displacement. Such a system 
would usually be found in a sand body of large physical 
dimensions such as an oil reservoir, although it is pos- 
sible to create such a system in the laboratory. It is 
shown that the position of the fluid interface can be 
predicted by numerical calculations using a basic idea 
presented by Dietz. Fluid flow is considered in a vertical 
plane-in a homogeneous, porous medium of sufficient 
thickness that the capillary transition zone is small_in 
comparison with the total reservoir. A theory developed 
by Dietz is used to make numerical calculations of the 
position of the fluid interface. The results for several 
conditions are compared with scaled model experiments. 

The results show that, for gas drive in a reservoir of 
steep dip, a relatively low flow rate can displace large 
volumes of oil before gas breakthrough. On the other 
hand, water injection at favorable mobility ratio and 
low dip may show best performance at high rates. 
Water tends to underride the oil and, given sufficient 
time, will break through without much oil displacement. 

For certain conditions, which include relatively low 
flow rate, the interface is a straight line and its behavior 
is simple to calculate. At higher flow rates, the interface 
is unstable, and a numerical solution was programed 
for an automatic computer. In general, good agreement 
is shown between the fluid model and the computed 
results so long as gravitational forces have control. 
For a water drive at very unfavorable mability ratio, 
many small water fingers appear. These viscous fingers 
are not controlled by the relatively small gravitational 
forces. When viscous fingering becomes the controlling. 
factor, the mathematical model is oversimplified, and 
results do not check the fluid flow model. 


RO LTO N 


Present methods of reservoir analysis depend upon 
certain simplifying assumptions to obtain mathematical 
descriptions of practical use. Material-balance methods 
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(Muskat* or Tarner*) assume uniform fluid saturations 
in the entire reservoir, or in a few subdivisions of the 
reservoir. An unsteady-state flow calculation by West, 
et al,’ considered pressure and saturation changes in 
flow to a well during solution gas drive, and neglected 
gravity effects. Results showed only a 4 per cent differ- 
ence for ultimate oil recovery by the Muskat method, 
even though the case chosen for study was one in 
which unsteady-state effects should be high. 

The Buckley-Leverett® method commonly assumes a 
one-dimensional flow system. It is applicable at high 
flow rates where viscous forces predominate over 
gravity forces. Simultaneous, parallel flow of the two 
fluids is assumed, and the concept of a fluid interface 
is not introduced. Permeabilities to each fluid for a 
given saturation must be known. The method is not 
applicable for a two-dimensional system where cross 
flow becomes possible. 

Less well known is the displacement equation derived 
by Dietz. This method is designed for two-dimensional 
flow systems and assumes a definable fluid interface 
within the porous medium. Dietz showed that, for a 
range of low flow rates, the interface would be stable, 
straight and at an angle of inclination which could be 
simply calculated. At a certain critical flow rate, the 
calculated interface tilt would equal the formation dip. 
For higher flow rates, a finger of displacing fluid would 
invade the displaced fluid. Dietz indicated that his 
method applied only to macroscopic reservoir behavior, 
while the Buckley-Leverett method applied to the small 
transition zone at the fluid interface. 


The examples worked out in this report are based 
on the fluid-displacement theory of Dietz. It is shown 
that the Dietz theory may be used to derive equations 
analogous to the Buckley-Leverett equations. In contrast 
to the Buckley-Leverett method, flow is considered in 
a plane rather than being limited to a line. Rather than 
a frontal advance, the movement of a fluid interface 
is followed. 

For flow rates substantially exceeding the critical rate 
and for high viscosity ratio, many fingers of invading 
fluid occur—rather than the single finger assumed by 
Dietz. On the other hand, so long as some gravitational 
influence remains, the flow is not entirely parallel to 
the bedding planes as assumed by Buckley and Leverett; 
therefore, both methods fail to give an adequate descrip- 
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tion of fluid displacement. Continued study of such 
systems is required. 


THEORY. 


The derivation given in the Appendix is similar to 
that given by Dietz, which dealt with water drive. 
Although this derivation assumes a gas drive, the 
results are the same because the over-all pressure is 
assumed high enough that gas density is essentially con- 
stant. It is assumed that the transition zone from oil 
to gas is small with respect to the size of the reservoir 
and that permeability is uniform throughout. It is 
further assumed that the drop in potential associated 
with flow across the formation is negligible compared 
with the drop in potential along the formation. In other 
words, flow potential is assumed constant along a line 
perpendicular to the formation boundary. Fig. 1 illus- 
trates a gas drive in a uniform sand. 


The relationship between the flow parameters, de- 
rived in the Appendix, is 


For a stabilized interface, u, = u, = constant along 
the flow lines which parallel the bedding; hence, 


sin B k, (2) 
cos (a — 
This equation may be solved explicitly for the slope 


of the interface. 


: Mo Mg 


On the other hand, if the interface is not stabilized, 
Eq. 1 applies. For a uniform sand, uniform linear flow 


for oil and gas may be stated, u, “= and u, = o . Te- 
9g 


tan B = 


spectively. 
When pressure changes are small, the fluids may be 
assumed to be of constant density, and g, = g, + q. 


Using these relationships, it is possible to derive the 
following. 


sin 
ty = bo Qt cos — B) 
bo k, A, 


This equation will apply for positive or negative 
values of 8, between the limits of an interface parallel 
to the formation dip and an interface perpendicular to 
the formation dip. In analytical terms, 

=.90);. 

Note that, when the gas-oil interface becomes parallel 
to the formation dip, cos (a — 8) = cos0=1 and 
the formula reduces to Leverett’s fractional flow for- 
mula. In this case, however, k,/k, has a special mean- 
ing based on a certain fluid distribution. In the Leverett 
formula, k,/k, is a measured quantity for a given 
saturation, with no assumptions of a fluid distribution. 
The resulting application of the equation to two-phase 
flow is, however, the same. 


The fractional-flow formula may be used with the 
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Buckley-Leverett frontal-advance formula to compute 
the position of the fluid interface. Since the Buckley- 
Leverett equation is written in terms of saturation, it 
is necessary in our case to define saturation in terms 
of fluid distribution. 


Therefore, 
A, 
= Sor) 
) 
and 
S,= 
where 
S,, S, = saturations of gas and oil, 


. = residual oil saturation in the gas zone, 


A,, A, = cross-sectional areas open to gas and | 


oil flow, and 
A = total cross-sectional area for liquid flow. 
The Buckley-Leverett frontal-advance formula is 


qt of, 


sin 
pendent not only upon saturation at a given point, but 
also upon saturation at adjacent points. As the slope of 
the fluid interface changes with fluid advance, the f, vs 
S, curve changes. The method of calculation is given 
in the Appendix. 


Since f, depends upon the term it is de- 


LM 


It will be noted that the equation, 


Ho beg 
sin B k, k, ) 

cos (a — £) & (po — Po) 
represents a ratio of differences in viscous potential 
gradients between fluids to differences in gravitational 
potential gradient. There is a critical point where this 
ratio becomes equal to the sine of the angle of forma- 
tion dip. For values of the ratio greater than critical, 
the fluid interface is not stable, and a finger of dis- 
placing fluid invades the displaced fluid. The Dietz 
theory implies that this finger grows without limit, and 
the interface approaches a parallel to the formation dip. 


The stability of the fluid interface in the case of 
vertical flow was analyzed by Hill’ and applied to oil- 
reservoir miscible flooding by Blackwell, Rayne and 
Terry. 


Fie, 1-—Grometay or Gas-Drive Sysvem. 
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At flow rates well above the critical rate, with unrav- TIME - 
orable mobility ratios and small density differences, NID 
small permeability variations and viscous fingering be- 
come more important in determining the invasion pat- OIL 
tern than gravitational effects. In these cases, the one- 
dimensional Buckley-Leverett fluid-displacement calcu- 
lations become applicable. To make such calculations, 
relative permeability ratio as a function of saturation 
is required and is usually determined on a small sample. 
It would seem that the relative permeability ratio in a 
displacement process is very much dependent upon the 
permeability variation in the porous medium. For cal- 
culations of reservoir behavior, it is important to take 


into account the over-all permeability variation. —— CALCULATED INTERFACE 0 

In the case of thin beds, the assumption that the == = = ----- INTERFACE TRACED FROM MODEL 
height of the transition zone is negligible is not valid. Fic. 3—Water-Drive Rares Avove Criticat—(A) Hicu Rate 
As was pointed out by Croes and Schwarz,’ some com- _—— AnD (B) Low Rare. 


bination of the Buckley-Leverett and Dietz theories is 
required for small fingers and thin sands. 


SOME TYPICAL RESULTS 


Results of calculations are shown in Figs. 2 through 
5. Fig. 2(A) shows the period of unsteady flow when 
a horizontal gas-oil interface moves to a stable, tilted < Nase eee 
position. Fig. 2(B) compares an unstable laboratory \ Ni < RS 
gas drive with calculated results. Figs. 3(A and B) aX \ \ 
and 4(A) show the development of fingering in a ~~ a = 
water drive, and Sections A and B of Fig. 5 show ~~ 
miscible drives (neglecting mixing effects). Results of 
ACTUAL OIL - 
scale model runs are plotted for comparison on Figs. WATER INTERFACE 
2 through 5. HIGHLY IRREGULAR 
MINUTES 
= WATER WATER 
“CALCULATED: INTERPACE 
SCALE MODEL STUDIES i ~-- INTERFACE TRACED FROM MODEL 
Results of the theoretical analyses were checked by Fic. 4—Water Drive. (A) Asove Criticar Mosmiry Ratio = 
flow studies on a porous-media model. The model was a 18, anp (B) Betow Crrticat Mositiry Ratio = 1.3. 


Plexiglas box containing an unconsolidated sand-pack, 
% -in. deep, 6-in. high and 45-in. long. Del Monte 40 the flow. The sand pack had a water permeability of 


sand was washed and elutriated to secure a very uni- 320 darcies and a porosity of 37.3 per cent. When 
form grain size. With the model in a vertical position, saturated with oil, residual water measured 6 per cent 
sand and water were introduced until sand filled to and oil permeability averaged about 280 darcies. Per- 
within 1 or 2 in. of the top. Then, by rotating the meabilities varied slightly between runs, possibly be- 
model a few times, a uniform distribution was ob- cause of some grain movement and changes in fluid 
tained within the model. The sand was vibrated and saturation. Water permeability at residual oil was found 
tamped, and more sand was added to fill the model. to be about 60 per cent of the effective oil permeability. 
There were four inlet ports at the inflow end and a Air permeability at residual oil was not measured, 
l-in. layer of %-in. diameter glass beads to distribute because it is not critical in the calculation. For pur- 


poses of calculation, a value of 80 per cent of the 
effective oil permeability was used for air permeability. 
c : A similar model, made of Ottawa No. 17 sand, was 
GAS XO also used in a few runs. This model had an oil per- 
= meability of 38 darcies and a porosity of 35 per cent. 
Water, air and oils comprised the fluid systems 
studied. The oils ranged from 0.23-cp Skelly B* to 
28.6-cp refined oil. Air-oil, air-water, water-oil and 
oil-oil (miscible drive) were the systems studied. Dye in 
the oil phase helped to make the interface visible. Still 
and motion pictures were made to record the fluid- 

TIME ~ displacement process. 
eee: Fingering patterns at rates above critical are sensi- 
~ tive to permeability variation. In packing loose sand 


STABLE 
Ter 2° 


Ni ae against a flat surface, a high permeability region re- 

Oe We mains next to the flat side. For this reason, model 

—— CALCULATED INTERFACE results do not agree precisely with calculations. Non- 
~---- INTERFACE TRACED FROM MODEL uniform injection from the inlet ports is another source 


Fic. 2—Gas Drive. (A) Betow Criticat Rate, = 1.99 cp, 
AND (B) Apove CriticaL RATE, [Bg PAOeer: “Skelly B is essentially a mixture of pentane and hexane. 
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TIME 


MINUTES 
OIL 


— CALCULATED INTERFACE 
paar INTERFACE TRACED FROM MODEL 


Frc. 5—Miscrste Drive. (A) Viscosiry Ratio = 125, anp 
(B) Viscosity Ratio = 1.7. 


of error. A recent modification using inlet and outlet 
wells of artificially consolidated sand has shown great 
improvement. Surface effects were not scaled in this 
series of experiments because it was assumed that sur- 
face in the model would be the same as in the proto- 


type. 


SCALING FACTORS 


Scaling ratios for porous-media models have been 
investigated by several authors.’” In applying the results 
of the model study presented here, the following scaling 
factors should be kept constant: 


) 
cos 6§ — } J(S) : 
( k bo Ko, and KeAo8(Po — po) 
2(p. = padh Mo bo qi 


% 


Applying the scaling factors to the model, the 6-in. 
high model may represent a prototype sand 10-ft thick. 
In this case, the twenty-fold decrease in height will 
require a (20)*, or four hundred-fold, increase in per- 
meability. The 320-darcy model, therefore, represents 
and 800-md reservoir. Furthermore, in scaling viscous 
forces, the four hundred-fold increase in permeability 
will require a four hundred-fold increase in viscosity or 
flow rate for proper scaling. 


For miscible-drive experiments, the diffusion-disper- 
sion effects should be scaled. Scaling diffusion effects 


and viscosity effects at the same time is practically 
impossible, as shown by Blackwell, Rayne and Terry.’ 
In the model studies of this report, diffusion-dispersion 
effects appeared to be of minor importance. 


RESULTS OF MODEL STUDY 


A summary of the flow conditions in the model study 
is given in Table 1. Tracings were made from the 
motion picture film and are plotted on the figures to 
compare with calculations. - 

For the conditions of a stabilized interface, all sys- 
tems showed a fairly good agreement between meas- 
ured and calculated interface tilt. Capillary effects in 
immiscible systems and mixing-diffusion effects in mis- 
cible systems sometimes made the interface irregular 
or indistinct, but the over-all tilt angle was not greatly 
affected. A stable air-oil interface is shown in Fig. 2(A) 
and compared with the calculated interface. The inter- 
face dip measured from the model was 11.6° + 1°, 
while the calculated dip was 12.45°. A stable water-oil 
interface is shown in Fig. 4(B). The measured dip of 
4.5° does not compare as well with the calculated 
8.0°. For water drive, permeability behind the flood 
front has a greater effect than in the gas drive. Water 
permeability in the model was probably less, and prob- 
ably not constant as assumed in the calculation. Also, 
more time is required to reach stable conditions, be- 
cause of higher viscosity, as compared with a gas drive. 


The critical flow condition, where incipient fingers 
are either damped out or grow rapidly, could be deter- 
mined quite definitely. This was especially true for 
miscible systems in vertical flow, as noted by other 
investigators.”’ As the critical flow rate is approached 
in a tilted model, the stabilization time increases so that 
there is a gradual transition in the interface behavior. 
Such a behavior was noted by Terwilliger, et al,” who 
found no sharp change as flow rate was increased above 
the critical in their vertical model. A model run with 
gas drive above the critical flow rate is shown in Fig. 
2(B). These results compare well with the calculated 
results, as shown in the figure. In general, gas-drive 
recovery at breakthrough is shown to decrease with 
increasing flow rate. 


Water-drive results are characterized by smaller 
density differences and greater viscosity effects. In the 
case of water injection in a reservoir of shallow dip 


TABLE 1 — SUMMARY OF MODEL RUNS 


Viscosities, cp Densities, gm/cc 


Effective Perm. 


Ne. Driving Driven Driving. Driven Driving Driven 
2(B) C0177 12.9 0.0012 0.828 
WA) 0.0177 1.99 0.0012 0.807 244 312 
321A) G4 1.99 0.997 0.807 167 2/8 
“'B) 054 1.99 0.997 0.807 159 265 
+(B) 0.94 1.99 0.997 0.807 173 289 
A(A) 0.94 28.6 0.997 0.865 157 262 
5(A) 0.23 28.6 0.660 0.865 262 262 
4(B) 16.8 28.6 0.680 0.865 244 244 


*Actual flow rate _, ml/sec 
A 
**Scaled flow rate 


***Ratio to critical rate. 
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Flow Rate 
Model 
Dip cm/sec* ft/day** Ratio*** Remarks 
45 -00413 -084 2.3 One Finger 
45 031 Calc. Dip 
0317 64 0.37 12.45° 11.6° 
10 -086 
ae 13 Gradual Lay-Down of 
10 0113 23 17 Oil-Water Interface 
45 0229 Calc Dip Measured 
45° 
45 -00575 a 6.5 Many Small Fingers 
45 -0054 11 4.1 One Small Finger 
45 -00595 7 Slight Tendency to 


Finger 


—‘_ for reservoir 10-ft thick, and 1/400 model permeability, 35 per cent hydrocarbon porosity. 
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which starts with an oil-water interface perpendicular to 
the formation, Fig. 3(A and B), viscosity effects delay 
the tendency of water to underride the oil. When this 
happens, a high rather than a low flow rate will show 
better oil recovery at water breakthrough. The calcula- 
tion procedure is effective in this case, as shown by the 
comparison of model and calculated results in Fig. 3. 
A natural water drive with unfavorable mobility ratio, 
which starts with a horizontal interface, would not 
show any benefits from increased rate as far as inter- 
face movement is concerned. 


When mobility ratio is more unfavorable, as in some 
water floods of high-viscosity oil, viscous fingering 
starts and cannot be controlled by the relatively minor 
gravity forces. Many of the fingers which develop are 
too small to be seen, and it is not surprising that there 
is little resemblance to the calculated interface as 
shown in Fig. 4(A). 

Miscible drive often has a very poor displacement 
efficiency when examined from the standpoint of finger- 
ing. Viscosity ratios are high and density differences 
small. The Skelly-B oil drive shown in Fig. 5(A) (vis- 
cosity ratio = 125) resulted in solvent by-passing the 
oil in a narrow channel. This result is checked by the 
calculated results presented in Fig. 5(A). When vis- 
cosity ratio is near unity, miscible drive becomes very 
efficient even though flow rates are above critical. This 
is shown in Fig. 5(B). In this case, density differences 
were not great enough to overcome the tendency to 
finger because of permeability variation. 


CONCEUSIONS 


The formulas relating rate, viscosity and density for 
flow in a uniform sand were tested for a wide range 
of conditions. Excellent agreement was found for low 
flow rates on all displacement systems where capillary 
or mixing effects were minor. Moderately good agree- 
ment was found at higher flow rates. When mobility 
ratios were unfavorable and density differences small, 
non-uniformity in the porous medium became of pri- 
mary importance. The growth of many small fingers 
which follows is not covered by the mathematical 
analysis. Further study should be made to determine the 
precision of the derived formulas as actual conditions 
depart from the assumptions. Extension of the study 
to layered and non-uniform systems and the consider- 
ation of capillary effects or dispersion is recommended. 
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NOMENCLATURE 


A = area 
Of 
l= 


f = fraction of total flow rate 

g = gravitational constant 
J(S) = Leverett’s capillary-pressure function 

k = permeability 

p = pressure 
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= flow rate (volume/time) 
= saturation fraction 

time 

= volume rate per unit area 
length measurements 
angle of formation dip 
angle of interface dip 
capillary contact angle 
porosity, fraction 
density 

viscosity 

surface tension 
difference operator 

= potential 


II 


II 


ll 


q 
S 
t 
Uu 
sh 
a 
B 
iG) 
p 
A 


Subscripts 


capillary 

gas 

= oil 

total 

position index 
time index 


II 
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DERIVATION OF EQUATIONS 
Refer to Fig. 1 which illustrates a gas drive in a 


uniform sand. The potential of an element of fluid is 
defined by 


Bie! 
[24 
p 


Consider the difference in potential between Points A 
and B, a distance d/ apart on the gas-oil interface. In 
the gas. 


dp 
(®,)4 (®,) 
p. 
A-B 
If the over-all pressure is high enough so that p, may 
be assumed constant, 


(D5) 4 = (®,)s = 


g 


+ gdh. 


g 
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for our assumptions of constant potential across the 
formation, (®,)» = (®,).; 
therefore, 


(Do) 4 (py) g p dh Po [(®,) 4 (®,) 


and, by Darcy’s law, 


Similarly in the oil, 


[Mo 
(Po) podh =(«. ) dx . 
If on the interface the capillary pressure is constant, 


Posts 


Subtracting: 


From the geometry of the figure, 


dh = dlsin B, 
dx 
d 
cos (a — B)’ 
dh sin B 
“dx cos (a — B) 
Hence, 
Bo 


cos(a— 8) — pr) 
If the interface is stable, wu, = u, == constant along the 
flow lines (which are parallel to the bed), and 


Mo Mo 
sin 


cos(a@— —a(p. — po) 
which may be solved explicitly for the tilt of the inter- 


face: 
Mo Lo 
a 
(i: 


— py) — usina 


(2) 


tan B = 


On the other hand, if the interface is not stabilized, 
Eq. 1 applies. 
For a uniform sand, uniform linear flow 
q. 
A 


where A, is the cross-sectional area flowing oil and A, 
is the cross-sectional area flowing gas. Since pressure 
changes are assumed small enough for fluids to be of 
constant volume, g: = q, + q,. 


Substituting these identities into Eq. 1, 


o 


qt Ho My 


and 
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sin 


alp po) cos (a — B) 4) 
[bo 


CALCULATION OF THE FLUID INTERFACE 
BY FINITE DIFFERENCES 


An analytical formula for the position of the unstable 
fluid interface has proven difficult to find; therefore, 
finite difference methods were used to calculate the 
position of a large number of points on the interface. 
The method used was similar to that used by Terwilliger, 
et al,” in calculating gravity drainage performance in 
a vertical sand column with the Buckley-Leverett equa- 
tions. The slope of the interface at a point was approxi- 
mated by fitting a second-degree polynomial curve 
through this and adjacent points on the interface. Be- 
cause the shape of the interface changed with time, 
positions of points on the interface were calculated for 
many small increments of time. The advance of the 
fluid interface depends upon the shape of the interface; 
for the purpose of calculation, the average slope of the 
interface between the beginning and end of a time 
step was used to calculate the fluid advance. Fig. 6 
illustrates the location and advance of points. 

An outline of the calculation would be as follows: 


i. Use the points at time ¢ = nAt to fit polynomial 
curves and compute the value of sin B/cos (a — B). 

2. Use this value to compute f, and f’, for each 
point. 

3. Use Buckley-Leverett method to compute the ad- 
vance of each point to time t = (mn + 1) At. 

4. Use the new interface to compute f/f’, for each 
point. 

5. Use the average f’, from t = nAt to t = (n + 1) 
At at each point to rework Step 3. 

6. If the new position at t = (n + 1)At is notinclose 
agreement with the previous value, start over at Step 4. 

7. When close agreement is reached, use the positions 
at t= (n+ 1)At to advance to t = (n + 2)Ar and 
repeat the process. 


DETAILS OF THE CALCULATION 


> 


Consider two points on adjacent flow lines of Fig. 6 
as shown in Fig. 7. 


dh = dl sin B, 
dx = dl cos (a — 8) , 
sin B dh 


(a AY ~ dx 
dh = dx sina — dy cosa; 


sin B 3 dy 
s ( B) sina cosa. 


m=O 
< Position at t=n 


Position at t=n+/ 


Fic. 6 — Finrre DirrerENCE APPROXIMATION OF THE 
Fiuip INTERFACE. 


Average slope used to 
calculate advance from 
position at to t=n+! 


PETROLEUM TRANSACTIONS, AIME 


d® 
Po (— dx | 
[Lg 
SS 
kA, 


Eq. 4 becomes, 


k, A 
(sina $005 « ) 
fe qt Xx (6) 
1 Mg 


If positions of the points are given in terms of x 
and y coordinates, and in this case dy is a constant 


d 
increment, the value of ~ may be approximated by 


standard finite difference formulas. 


The formulas used were as follows. For an interior 
point, 


dx 1 7 

for the first point, A 

dx 1 3 1 


and for the last point, 
dx 1 3 1 
Once f, is determined for each point, the same finite 


difference program may be used to determine a : 
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Ftc. 7—Two Points IN Finite DIFFERENCE SCHEME. 


Then, 


dS, dy (dS,/dy)’ 
and from the Buckley-Leverett formula, 


q: af, 
ds, (8) 
Values of Ax are computed for each point to determine 
the advance of the interface. tok 
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Perforating of Multiple Tubingless Completions 


M, P. LEBOURG 
W. T. BELL 
MEMBERS AIME 


ABSTRACT 


The perforating of multiple tubingless completions, 
in which two or more strings of 27%-in. OD casing are 
installed in the same borehole, presents two basic prob- 
lems. First, good completion practices require an effi- 
cient perforator that leaves no debris to interfere with 
subsequent completion operations. Second, and of more 
complicated nature, a system is needed for controlling 
the direction of fire so that adjacent strings are not 
damaged. 

Development of a 2-in. OD, steel retrievable, shaped- 
charge gun has solved the first problem. The second 
was resolved through development of three different de- 
vices to provide directional perforating for the two 
types of completion methods being employed today. 
These include a mechanical orienting device and two 
self-orienting radiation devices. 

Conceivably, the latter methods could be adapted 
to the directional perforating (of upper zones) of con- 
ventional dual and triple completions without remov- 
ing production tubing and packers. 


INTRODUCTION 


The recent trend to multiple tubingless completions," 
wherein two or more strings of 27%-in. OD casing are 
installed in the same borehole, has presented two basic 
perforating problems. The first problem to be overcome 
was the design of a gun that would result in efficient 
perforations without causing debris to bridge in these 
small-diameter casings. The second problem was, of 
course, to devise a system for controlling the direction 
of fire such that adjacent strings would not be dam- 
aged. 

The problem of gun debris in slim-casing completions 
has been well defined in the numerous 2%-in. single 
tubingless completions which have been effected during 
recent years with the expendable-type perforators, Fail- 
ure of expendable-gun debris to settle out properly, 


Original manuscript received in Society of Petroleum Engineers 
office Sept. 10, 1959. Manuscript received March 8, 1960. Paper 
presented at 34th Annual Fall Meeting of SPE, Oct. 4-7, 1959, 
in Dallas. 

Reference given at end of paper. 

Discussion of this and all following technical papers is invited. 
Discussion in writing (three copies) may be sent to the office of 
the Journal of Petroleum Technology. Any discussion offered after 
Dec. 31, 1960, should be in the form of a new paper. 
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even with good gun break-up, has resulted in bridging 
inside these small-diameter casings. This, in turn, has 
interfered with completion and re-conditioning opera- 
tions. 

The past two years have clearly shown, in fact, that 
debris problems are not confined to this small range of 
casing with most designs of expendable-type guns. A 
high incidence of bridging has even been reported in 
412-in. OD casing. 

The perforating of multiple tubingless completions 
has entailed, therefore, the development of a com- 
pletely debris-free gun of adequate performance, as 
well as the necessary devices to provide positive direc- 
tional perforating in the two completion methods pres- 
ently being employed. 


THE GUN — DESIGN CONSIDERATIONS 


The design of a shaped-charge gun for slim-casing 
perforating has presented a maze of interrelated prob- 
lems. Since the primary specification has been leveled 
at efficient charge performance with complete elimina- 
tion of gun debris, it has been necessary to develop a 
retrievable steel-carrier gun of tubular construction to 
house the charges. The carrier must be retrievable 
through 2.29-in. API pump-seating nipples which are 
usually installed in 2% -in. strings. 


To provide for recovery of the gun from the well, 
swelling of the carrier on firing must be carefully con- 
trolled. Control of swelling automatically means control 
of explosive weight in the shaped charge which, in turn, 
influences charge performance. Carrier swelling also de- 
pends upon the confinement pressure at the level be- 
ing perforated, which imposes a hydrostatic pressure- 
depth limitation. Burr interference on the wall of the 
carrier, resulting from passage of the jet through the 
carrier wall, must be eliminated by suitable design. 


Clearly then, a satisfactory shaped-charge gun de- 
sign for slim-casing operations represents a fine balance 
between carrier swelling, hydrostatic pressure, explo- 
sive weight and charge performance. 


Additionally, to lend itself to directional perforating, 
the gun design must provide a positive locking mechan- 
ism for individual charges within the gun carrier. This 
fixes charge orientation within the carrier and prevents 
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any drift of the planes of perforating. It simply means 
that individual charge alignment must be positive. Even 
with very close tolerances, excessive rotation of charges 


would be possible with charges of conventional linkage 
mechanisms. 


A method must also be devised to provide positive 
indexing of these planes of shooting with respect to the 
device controlling orientation. 


GUN DESIGN FEATURES — SPECIFICATIONS 


To satisfy these various requirements, a 2-in. OD, hol- 
low-carrier, mild-steel gun was designed for operation 
in a pressure range of 500 to 15,000 psi. See Fig. 
1(A). Reliable recovery from the well after firing is as- 
sured in this design, thus eliminating all debris. A spe- 


cial-design, high-performance shaped charge of low — 


explosive weight maintains carrier expansion under 
2.1-in. when fired at 500 psi. Operation of the tool at 
pressures of less than 500 psi is not recommended due 
to increased carrier swelling and occasional splitting. 
Carrier wall thickness is adjusted to withstand the rated 
pressure and the internal gun pressures resulting from 
firing of the charge. 


Burr interference is eliminated by means of a unique 
“scalloped” design. Views A and B of Fig. 1 con- 
trast the streamlined nature of the scalloped carrier 
after firing with the conventional-type gun. This feature 
also reduces the amount of metal in the carrier through 
which the jet must penetrate, thereby resulting in in- 
creased charge performance. 


Charges are individually locked in the carrier by 
means Of self-sealing retainer screws, assuring positive 
drift control of the two planes of perforating which are 
phased at 30°. When the gun is attached to the orient- 
ing device, positive indexing of the carrier with respect 
to the device is automatic. 2 

Gun specifications covering both directional perfora- 
tors and single completion models are tabulated in 


CHARGE PERFORMANCE 


Performance of the charge in 27-in. caSing averages 
0.3-in. entrance hole size with 5.5-in. penetration in the 
standard, Berea sandstone flow laboratory target. This 
compares favorably with a typical 1 11/16-in. capsule 
charge in the 0 to %2-in. clearance range as shown in 
Fig. 2. Well flow index, measured under conventional 
perforating conditions, was recorded at 0.9. 


(B) 

DIAMETER 

AFTER FIRING 
25 


Fic. 1—(A) RerrtevaBte, STEEL, 2-1In. OD ScaLLOPED SHAPED- 
CHARCE GUN; (B) ConveNTIONAL 2-1n. OD, RETRIEVABLE, 
SHAPED-CHARGE GUN. 
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TABLE 1—SPECIFICATIONS—2-IN. OD SCALLOPED GUN 
Before firing—2-in. nominal 
After firing—2.05 in. 

Firing System -....... Conventional primacord, bottom-up 

4 shots/ft at 90° phasing | Single 
2 shots/ft at 180° phasing| Completions 
2 shots ft/at 30° | Multiple 
(2 directions) | Completions 


Burr (Interference)... None 
Max. Press.-Temp. Rating ___.. 15,000 psi at 300°F 
Min, Operational Pressure. 500 psi 
Charge Mounting... Positive locking within carrier 
Average Charge Performance 
in 2Y-in. Casing. 0.3-in. entrance hole, 5.5-in. 


penetration (standard Berea 
sandstone target). 


DIRECTIONAL PERFORATING METHODS 


To directionally perforate multiple tubingless com- 
pletion set-ups,’ three methods have been developed and 
are currently in use — (1) a mechanical orienting de- 
vice operating in conjunction with an auxiliary eccen- 
tric mandrel installed in the string above the zone to be 
perforated, (2) an interim double-line radiation method 
which requires no auxiliary equipment in the well and 
(3) a more versatile and efficient self-orienting radia- 
tion device requiring only a single line. 


MECHANICAL ORIENTING DEVICE 


The mechanical orienting device was developed first 
to allow a study of the feasibility of completing two 
and three tubingless strings cemented in the same bore- 
hole. 


The device was designed to operate in conjunction 
with a 4-in. diameter, eccentric pocket-type mandrel 
4 ft in length, which is located within a few feet of the 
top of the zone to be perforated in the string of inter- 
est. Operation is based upon a spring-loaded arm which 
aligns with the eccentric axis of the mandrel, thereby 
orienting the charges in the proper direction for firing. 
Fig. 3 shows a schematic of a triple tubingless well, 


_while Fig. 4 shows an actual assembly of collar loca- 


tor, mechanical orienting device, extension spacer and 
gun. 
A safety circuit is incorporated in the tool to assure 


' that the gun will not fire unless the charges are properly 
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Fic. 2—(A)2-tn. OD Scattopen Gun CHARGE AND (B) 
1 11/16-1n. OD 
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oriented. As the arm opens and approaches full exten- 
sion, an electrical switch is actuated which closes the 
circuit to the blasting cap in the gun. This action is seen 
on an indicating panel at the surface and is recorded on 
film to provide a permanent record of the location of 
the mandrel in the string (Fig. 5). 

To provide a double safety factor, a mechanical in- 
terlock system is included. As the tool enters the man- 
drel and the arm approaches full extension, it auto- 
matically locks in the “out” position and cannot be com- 
pressed until either of the smaller release arms, shown 
in Fig. 4(A), enters the 242-in. casing above or below 
the mandrel and releases the device. This assures that, 
once the tool has opened properly, it will remain in the 
extended and oriented firing position—even under large 
torque loads emanating from cable or hole conditions. 


Both the electrical and mechanical safety systems are 
adjusted so that the maximum range of firing of the 
charges is controlled at 100°. This gives a minimum 
angular safety factor of 70° to the nearest adjacent 
string in a triple set-up. The safety factor would, of 
course, be larger in a dual well. 


WELL REQUIREMENTS — LIMITATIONS 


The principal limitation of the mechanical orienting 
device lies in lack of versatility of the completion 
method. Obviousiy, only those zones where a mandrel 
has been set and cemented in place can be perforated. 

Use of this method naturally entails the running of 
two or three clamped strings into the borehole simul- 
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Fic. 4—(A) Mecuantcan Ortentine Device anp (B) Orten- 
TING Device — Gun ASSEMBLY. 
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taneously. Reports from the field indicate that this op- 
eration requires additional handling and is, therefore, 
more time consuming, Moreover, the entire weight of 
the parasite or “piggy-back” strings is usually supported 
by the long string, thus imposing a definite limitation 
on the depth to which the casings can be run. 

The auxiliary mandrel or mandrels must also be cor- 
rectly located within 15 ft of the top of the zones to be 
perforated; otherwise, excessive lengths of extension 
spacers would be required to bridge the gap between 
the top of the gun and the orienting device. Excessively 
long riser assemblies and more elaborate surface han- 
dling equipment would also be required. 

Further, the mandrels must be oriented properly with 
respect to the adjacent strings during make-up because, 
after all, the mechanical orienting device is sensitive 
only to the axis of the auxiliary mandrel — not to the 
adjacent strings. Obviously, an improperly oriented man- 
drel in the well could result in damage to an adjacent 
string. 

These are some of the factors which have spurred 
the development of more versatile orienting methods, 
which eliminate the use of mandrels and allow the 
casings to be run separately. 


DOUBLE-LINE RADIATION DEVICE 


Directional perforating without mandrels or other 
auxiliary well equipment in the string requires sensing 
apparatus to locate the adjacent string and a compan- 
ion device to rotate the gun to the proper firing direc- 
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Fic. 5—Typicat Recorpinc oF OrtentING MANDREL. 


_ DETECTOR 
CASING. 


CEMENT 


JETS) 


FIRING 
POSITION 


RADIATION 
INTENSITY 


INDEXING POSITION 


Fic. 6—PRrINcIPLE OF OPERATION OF DOUBLE-LINE RADIATION 
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tion. The first of the newer orienting tools accomplishes 
this by means of a weak, collimated or focused radioac- 
tive source and mechanical rotating device attached to 
the gun, in combination with radiation detectors sus- 
pended in adjacent strings. This tool was developed as 
an interim solution to allow immediate elimination of 
mandrels and other auxiliary well equipment. 


The principle of operation of the double-line radia- 
tion orienting tool is illustrated in Fig. 6. As the gun 
is rotated by steps, the detectors pinpoint precisely the 
direction of firing by locating the maximum intensity of 
the focused-beam source. Since the charges are aligned 
with respect to the source, the direction of firing can 
be controlled. 


The uniquely designed rotating device, shown in Fig. 
7(A), is a gated-slot system and anchor-spring arrange- 


ment which is actuated by moving the cable up and 


down through a range of a few inches. Each time the 
cable is lowered 1 ft and then pulled back upward, the 
entire focused source-gun assembly rotates through 30°. 
In other words, the tool makes one complete revolution 
in 12 steps, consistently locating the opposite string, or 
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strings, one time during this cycle. The anchor spring 
prevents the tool from turning except when actuated 
from the surface. The rotating device will only turn in 
one direction and will not retrogress, even though op- 
posite torque load is encountered. 


A purely mechanical approach to the design of the 
rotating device was taken so that the tool could be ac- 
tuated without application of electrical power to the per- 
forating tool assembly during the orienting operation. 

The sequence of operation includes, first, placing the 
detector at the proper depth in the adjacent string and, 
then, running the entire gun assembly, Fig. 7(B), into 
the string to be perforated. In the process of rotation, - 
the tool is moved down and then back up, passing the 
level of the detector each time and resulting in the 
peak-type readings shown in Fig. 6. 


A standard gamma-ray neutron detector is employed 
to measure the intensity of the directional source. Spe- 
cially modified wellhead control equipment and dual 
sheave arrangements facilitate rigging at the surface 
(Fig. 8). With this equipment, wells may be shot with 
up to 2,500 psi on the wellheads. A special-design, two- 
drum truck with 7/32-in. electric cables (shown in Fig. 
9) is used to perforate dual tubingless completions. 


For triple completions, the relative azimuths of the 
three unclamped strings are not known. From Fig. 
10(A) it will be obvious that the two-drum truck would 
suffice for a triple-completion if casing centers were 
located at 120°; however, in certain cases such as wash- 
outs, it is conceivable that the three casings could tend 
to line up as illustrated in Fig. 10(B). A second detector 
or third cable would then be needed to plot their rel- 
ative positions and shoot the well. 


Fic. 9—Two-prum PERMANENT COMPLETION TRUCK. 


DETECTORS 


Fic. 10—Retative Casinc Locations WiTHIN THE BOREHOLE 
—(A) Norma. Anp (B) EXTREME. 
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Typical orientation curves of dual and triple wells 
completed with the double-line method are shown in 
Views A and B, respectively, of Fig. 11. 


While the double-line method has eliminated the aux- 
iliary well equipment necessary for mechanical orienta- 
tion and has proved a positive system, its inherent dis- 
advantages lie in additional requirements in surface 
equipment. Extra cables and wellhead control equip- 
ment impose significant increases in well operating time 
as compared to a regular perforating operation, not to 
mention the increased cost of equipment. 


“SELF-ORIENTING” SINGLE-LINE METHOD 


To overcome the limiting features of the double-line 
method, a more versatile and efficient single-line “self- 
orienting” radiation device was recently developed. In 
this method, requirements in surface equipment and op- 
erating time are substantially reduced. More signifi- 
cantly, adjacent strings need not be open during the op- 
eration; sucker rods or other well equipment may re- 
main in place, undisturbed. 


The device differs principally from the double-line 
method in that both the radioactive source and gamma- 
tay detector are combined in the same tool assembly, 
thereby reducing directional perforating to a single- 
cable technique. See Fig. 12(A). Operation is based on 
the gamma-gamma principle; the instrument is sensi- 
tive to changes in effective density. The rotating mechan- 
ism is basically the same as that utilized for the double- 
line technique. The entire assembly is designed in a di- 
ameter of 1 11/16-in. This will ultimately allow direc- 
tional perforating of smaller 2%-in. casings. 


Fig. 12(B) illustrates that the tool is comprised of a 
gamma-ray source and a closely spaced gamma-ray de- 
tector. These are so arranged that gamma rays are de- 
tected principally from one azimuth of orientation — 
both are collimated or focused in the same vertical 
plane. The gamma-ray source and detector apertures 
are arranged to optimize lateral investigation and achieve 
maximum signal resolution. 


As gamma rays are emitted from the source, some 
are absorbed by the material in the path of the beam 
while others are scattered. Some of these scattered gam- 
ma rays eventually reach the detector where they are 
counted. With a given source strength and spacing be- 
tween gamma-ray source and detector, the number of 
gamma rays returning to the counter becomes an in- 
verse function of the density of the media directly op- 
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Fic. 13—EXAMPLES OF SINGLE-LINE SELF-ORIENTING DEVICE 
ORIENTATION CURVES. 


posite the collimated windows of the source and detec- 
tor. Steel tubing has a greater density than cement and 
formation. Thus, as the tool is rotated through the 
usual cycle, the positions of adjacent strings are indi- 
cated by reduced counting rates at the detector. 


Short lateral investigation is intrinsic in the device, 
resulting in decreased signal resolution with increase 
in distance between casings. Should lack of resolution 
ever present a problem due to hole washout or other 
contingencies, an additional control measure is avail- 
able. A 1-in. radioactive pill may be run into the ad- 
jacent strings on a standard .082-in. solid wire line. 
This auxiliary pill is readily seen by the detector. In 
this mannex, casing locations may be confirmed. 

Field examples of dual- and triple-completion orien- 
tation curves are shown in Fig. 13(A) and (B). In this 
system, proper alignment for perforating is on the peak, 
as in the double-line method. Note, in Fig. 13(B), the 
slight base-line anomaly between peaks. This is due to 
differentiation between cement and formation densities 
and signifies that the casing to be perforated is very 
close to the wall of the borehole. 


FIELD OPERATIONS 


To date, approximately 549 wells have been perfor- 
ated with the debris-free scallop gun. Of these, 200 
were single completions, 14 were perforated with the 
mechanical orienting device, 250 with the double-line 
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radiation method and 85 
orienting techniques. In 
as based on completion 


with the newer single-line, self- 
these cases, gun performance 
data has been excellent. 


FUTURE DEVELOPMENT 


It is considered desirable to directionally perforate 
upper zones of conventional dual and triple completions 
without removing production tubing and packers, De- 
velopment is continuing toward adapting the self-orient- 
ing radiation method to this end. 


CONCLUSIONS 


The perforating of multiple tubingless completions 
may be effected with a debris-free, retrievable, shaped- 
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charge gun and either of three recently developed, di-~ 


rectional-perforating methods, a mechanical orienting 
device and auxiliary eccentric mandrel, or either of the 
two described radiation techniques. 

The mechanical orienting device must be used in con- 
junction with a properly oriented eccentric mandrel in- 
stalled at the proper depth in the well. This necessitates 
the clamping and simultaneous running of tubing strings. 

The radiation methods require no down-hole auxiliary 
well equipment and have, therefore, proved to be the 
most versatile and promising of the techniques. 
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INTRODUCTION 


In water flooding peripheral, center-to-edge, line-drive 
or water-encroachment patterns the question has arisen, 
“when should a producing well be converted to a water- 
injection well?”. It is realized that, if the producing 
well is shut in when water breakthrough occurs, some 
oil could be left in an unswept area. Yet, operation to 
high water-oil ratios may require processing much addi- 
tional: water. If a well is shut in, “where should the 
allowable be transferred?”. A review of the literature 
indicates that very few data are available to the engi- 
neer to assist him in answering these questions. It is 
the purpose of this paper to present information which 
‘may be of value in selecting the flooding technique and 
the injection and producing wells and in scheduling in- 
jection and production rates. 


Certain phases of these problems can be studied in 
the laboratory. The potentiometric model is well suited 
for studying many waterflooding problems. This model 
assumes that steady-state flow exists, that the mobility 
ratio is equal to one and that gravitational effects are 
neglected.** The three-phase sand model also has been 
recognized as an effective means for studying certain 
reservoir problems. Both models were used in making 
the study reported here. This paper discusses seven cases 
utilizing various waterflooding techniques. Data for the 
first five cases were obtained on the potentiometric 
model. Data for Cases VI and VII were obtained by 
constructing and flooding an unconsolidated sand pack 
(a three-fluid-phase system) and by determining the 
swept area and cumulative oil recovery for various types 
of operations. 


APPARATUS AND PROCEDURE 


The potentiometric model reservoir was 30 in. long 
x 10 in. wide by about % in. deep. Four wells were 
equally spaced in a line array along the lateral center 
line. (See Fig. 1.) Well No. 1 initially was an injection 
well for each of the patterns reported. The cases studied 
with the potentiometric model and sand model are de- 
scribed herein. 


The laboratory sand model reservoir was a 30- 
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10-in. rectangular Lucite vessel packed with sand to 
a depth of about 0.65 in. Four wells were equally spaced 
in a line array along the lateral center line. The reser- 
voir material was an unconsolidated sand into which 
the reservoir fluids were mixed to yield fluid saturations 
of 55 per cent oil, 25 per cent water and 20 per cent 
gas. The water was added to the sand and the material 
mixed, after which the oil was added. Kerosene and 
water, the fluids used, gave a viscosity ratio of 1.64:1. 
In packing the reservoir, care was taken to assure con- 
stant fluid saturations and constant porosities. A new 
mixture was prepared for each run. 

During water flooding, a colored water was injected 
by a constant rate pump. The injection rate was 1.1 
B/D/ft of sand thickness. For this series of tests, each 
of the producing wells was open to the atmosphere and, 
as in the potentiometric model study, Well No. 1 ini- 
tially was an injection well for each of the patterns. 


RESULTS OF POTENTIOMETRIC MODEL 
STUDIES 


Two cases (Cases I and II) involving equal pressure 
injections were studied, with the following results. 


Water injection was initiated at Well No. 1; the pro- 
ducing wells (Nos. 2, 3 and 4) were operated at con- 
stant and equal bottom-hole pressures. When water 
broke through at Well No. 2 and achieved the selected 
water-oil ratio, Well 2 was converted to a water injec- 
tion well, resulting in two injection and two producing 
wells. The injection pressures at Wells 1 and 2 were 
maintained equal and constant; pressures at the pro- 
ducing wells were held equal, but they were lower than 
those at the injecting wells. 


A similar process was repeated when water broke 
through at Well No. 3. The flood was terminated when 
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a 50:1 water-oil Tatio was reached at Well No. 4, at 
which time there were three injection wells (at a com- 
mon pressure) and one producer. 


The water-oil ratios selected for this study were 3.1:1 
(breakthrough) and 50:1. The results of Case I are 
shown in Figs. 1 and 2. 


It was found that, when Well No. 1 was injecting 
and the producing wells were carried at near equal 
pressures, the corresponding production rates at Wells 
2, 3 and 4 were 62, 27 and 11 per cent of the injec- 
tion rate, respectively. Since Well No. 2 (the one closest 
to the injection well) was producing at a much faster 
rate than the wells farther from the water injection well, 
this case may have some similarity to the transfer of 
the allowable from one watered-out well to the next oil 
well immediately ahead of the flooded zone. 


Fig. 1 shows the oil-water interfaces attained by op- ~~ __ 


erating under these various conditions. The sweep ef- 
ficiencies at breakthrough (indicated by the solid line 
on Fig. 1) were found to be 23.2, 51 and 64.5 per cent 
for breakthrough at Wells 2, 3 and 4, respectively. At 
Well 2 it was found that, when a water-oil ratio of 50:1 
was reached, the swept area was 41.5 per cent — at 
which time 64 per cent of the displaceable volume of 
the pattern had been injected. 


The advantage in producing Well No. 2 beyond 
breakthrough can be seen from a study of the shapes 
of the displaced zones. The water-oil interface forms a 
sharp cusp at the producing well at breakthrough; how- 
ever, if the well is produced beyond breakthrough, the 
cusp becomes inverted. Therefore, as a result of this 
inversion, it is possible to achieve fairly large swept 
areas for the pattern by converting the well after break- 
through. i 


Fig. 2 is a plot of the per cent swept area vs the per 
cent displaceable volume of fluid injected. The upper 
solid curve on this figure shows the swept area obtained 
by shutting in the watered-out well and converting it to 
an injection well when water broke through. The short 
dashed curve shows the swept areas obtained when the 
watered-out wells were shut in at a water-oil ratio of 
3.3:1, and the long dashed curves show the results ob- 
tained when the wells were produced to water-oil ratios 
of 50:1. Notice that, until a swept area of nearly 87 
per cent was achieved, a greater swept area was ob- 
tained by converting the wells at breakthrough than by 
permitting them to produce to a high water-oil ratio. 
However, for achieving swept areas larger than 87 per 
cent, it was found that producing to a 3.3:1 water-oil 
ratio gave a more efficient displacement than converting 
at breakthrough. If the wells had been produced to a 


100 


F 
Well 

Breakthrough Well No. 4 4 — 
3 
a 
| 
i} A 
Well No. 3 


Breakthrough Well NOs | | | | 
60 80 100 120 140 160 180 


20 40 : 
PERCENT DISPLACEABLE VOLUME INJECTED 
Fic. 2—-Case I: Per Cent Area Swept vs Per Cent DISPLAce- 
ABLE Pore Votume INsEcTED, EQuAL Pressure In- 
JECTION. BEGAN INJECTION oF No. 2 AND 3 AT BreAk- 
TtHROUcH (SoLIp Curve); WaTer-o1L Ratio = 3.3. 
(SHort DasH); Warer-o1 Ratio = 50 (Lone DasuH). 


VOL 219, 1960 


50:1 water-oil ratio, it would have been found that, 
when 120 per cent of a displaceable pore volume of 
water had been injected, the swept area would have 
been about 75 per cent. Thus, it is apparent that con- 
siderable difference in the swept area and in the quan- 
tity of water handled can be realized by proper atten- 
tion to the water-oil ratios at which the wells should 
be shut in. In addition, it was possible to achieve sub- 
stantially a 97 per cent swept area, even though the 
wells had been produced to a 50:1 water-oil ratio, by 
the injection of large quantities of water — approxi- 
mately 170 per cent of the pore volume of the pattern. 

To achieve a swept area of 80 per cent, it was found 
that injection of from 85 to 140 per cent of a displace- 
able pore volume might be required, depending on the 
water-oil ratio which existed when the wells were shut in. 


CASE II 


Water injection was initiated at Well No. 1, with 
Wells 2, 3 and 4 being operated as producing wells at 
equal pressures. Well No. 2 was shut in when its se- 
lected water-oil ratio had been attained. Well No. 1 was 
continued as the single injection well, and Wells 3 and 
4 were continued as producers. When the selected water- 
oil ratio had been attained at Well No. 3, that well was 
shut in; the flood was continued, with Well 1 still serv- 
ing as the single injection well but with only Well 4 re- 
maining as the producer. 


The water-oil ratios selected for this study were the 
same as for Case I. The results of Case II are shown 
in Figs. 3 and 4, It was found that, by shutting in the 
wells at breakthrough, considerably less water might be 
required to achieve a desired sweep efficiency. By oper- 
ating the wells to a 50:1 water-oil ratio, the swept area 
might be as much as 20 per cent less than that obtained 
by employing a more efficient conversion technique. 


The interface between Wells 3 and 4 is of some in- 
terest. It was found that, by operating to high water-oil 
ratios, the inversion of the cusp is very pronounced. As 
a result, when Well 3 was shut in and flooding was con- 
tinued, an unflooded area between Wells 3 and 4 oc- 
curred—even though the fluid had broken through at 
Well No. 4. This is shown by the area inside the solid 


“line. 


Three cases of flooding at equal producing rates were 
studied (Cases III, IV and V). 


~ Case III 


In Case III, water injection was initiated at Well No. 
1; the producing wells (Nos. 2, 3 and 4) were pro- 
duced at equal rates. When water broke through at Well 
2 and achieved the selected water-oil ratio, Well No. 2 
was converted to a water injection well—resulting in 
two injection wells (at equal rates) and two producers, 
also. 

A similar process was repeated when water broke 
through at Well No. 3. The flood was finally terminated 
when the water-oil ratio reached 50:1 at Well No. 4, 
at which time there were three wells injecting at equal 
rates. 

The water-oil ratios selected for study were 5.1:1 
(breakthrough) and 17.4:1. The results of this study 
are shown in Figs. 5 and 6. 

This type of operation appears to be less sensitive 
to the water-oil ratio at conversion. In reviewing Fig. 6 
it should be noted that, when 100 per cent of a pore 
volume of water had been injected, a sweep efficiency 
of between 90 and 93 per cent was obtained — regard- 
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less of the water-oil ratio at which the allowable had 
been transferred. This is very significant because, when 
it is compared with Figs. 2 and 4, it can be seen that 
the swept area might be as low as 70 per cent when this 
same volume of water is injected for the other types of 
flooding techniques. 

It would appear from the comparison that consider- 
able benefit may be derived by producing the oil wells 
at equal rates, rather than by producing oil wells near 
the water injection wells at faster rates than those wells 
located farther in toward the oil zone. 


CasE IV 


Water injection was initiated at Well No. 1, with 
Wells 2, 3 and 4 producing at equal rates. Well No. 2 
was shut in at selected water-oil ratios and the allowable 
equally divided between Wells 3 and 4. Well 1 contin- 
ued as the only injection well. When the selected water- 
oil ratios had been attained at Well No. 3, Weil 3 was 
shut in and the allowable transferred to Well No. 4. 
Well 1 was continued as the single injection well until 
the desired water-oil ratio was reached at Well No. 4. 
The water-oil ratios selected for the study were 5.1:1 
(breakthrough) and 17.4:1. 


Fig. 7 indicates that this type of production schedul- 
ing is fairly efficient; the swept area appears to be only 
slightly sensitive to the water-oil ratios at which the 
wells were shut in. These data would indicate that, in 
an equivalent center-to-edge flood, consideration should 
be given to using the center wells as injection wells 
throughout the flood, and the allowable should be dis- 
tributed equally among the producing wells. 


CASE V 


Water injection was initiated at Well No. 1, with 
Wells 2, 3 and 4 producing at equal rates. At selected 
water-oil ratios, Well No. 2 was shut in and the al- 
lowable was transferred to Well 4. Well 1 was continued 


96 


Fic. 5— Case IJ]: Water-om InrerFACE, EQuaL PRODUCING 

Rates. Becan Insection at Weis No. 2 anp 3 AT BREAK- 

THROUGH (SoLIp Curve); WatTer-o1L Ratio = 5.1 (SHorr 
DasH); Warer-o1L Ratio = 17.4 (Lone Dasn). 


7, 
Breakthrough Well No. 4 7 


100 


Z 
80 
4 WATER-OIL RATIOS 
= 
< 
= Breakthrough Well No. 3 
| 
1S) 
Api 
Breakthrough Well No. 2 
20 | 


20 40 60 80 100 120 140 


PERCENT DISPLACEABLE VOLUME INJECTED 


Fic. 6—Case III: Per Cenr Area Swept vs Per. Cent Dis- 
PLACEABLE Pore VoLuME InJecTED, EQuaL Propucine Rates. 
Becan InJEcTION AT WELLS No. 2 anp 3 AT BREAKTHROUGH 
Curve); Warter-o1t Ratio = 5.1 (SHort Dasu); 
Water-o1L Ratio = 17.4 (Lone DasH). 


as the only injection well; Well 4 was producing at 
twice the rate of Well 3. Well 3 was shut in at selected 
water-oil ratios and the allowable was transferred to 
Well No. 4. The water-oil ratios selected for this study 
were 5.1:1 (breakthrough) and 17.4:1. 


A prominent feature of this operation was the pro- 
nounced cusping observed at Well No. 4 at break- 
through. Fig. 8 shows a plot of swept area vs the dis- 
placeable volume of fluid injected. When 100 per cent 
of a displaceable pore volume of water had been in- 
jected, the swept areas varied from 88 to 90 per cent, 
regardless of whether the allowable was transferred at 
breakthrough or whether the water-oil ratio was per- 
mitted to reach 17.4:1 at Wells 2 and 3. It is to be in- 
ferred from this case that certain benefits apparently re- 
sult through transfer of the allowable to the producing 
well farthest from the injection well. 


THREE-PHASE SAND MODEL RESULTS 


In water flooding the sand model, it was observed that 
production began at Well No. 2 shortly after water in- 
jection was initiated, followed by production at Wells 
3 and 4. After production began at each well, the rate 
held up very well until water breakthrough. This study 
confirmed (and it seems important to remember) that, 
in water flooding, the water-swept area may not be di- 
rectly related to the per cent of oil recovered. Stated 
differently, although the oil may be displaced, it is not 
necessarily produced. This is shown very clearly in Cases 
VI and VII, which were the two cases studied on the 
three-phase sand model. 


CasE VI 
Water injection was initiated at Well No. 1; Wells De 
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3 and 4 were permitted to produce at atmospheric pres- ~ 


sure. When the selected water-oil ratio at Well No. 2 
was achieved, Well 2 was shut in and Well 1 was con- 
tinued as the sole injection well. Well 3 then was shut 
in, and Well No. 1 was continued as the sole injection 
well until the desired water-oil ratio was reached at Well 
4. The results of this study are shown in Figs. 9, 10 
and 11. 


The shapes of the swept area at breakthrough and at 
a 100:1 water-oil ratio are shown in Fig. 9. When pro- 
duction at Well 2 was continued to a 100:1 water-oil 
ratio, it was found that the water-oil interface had ad- 
vanced to within a very short distance of Well No. 3; 
when a 100:1 water-oil ratio was achieved at Well 3, 
the water-oil interface was approximately half the dis- 
tance between Wells 3 and 4. | 
The cumulative swept area vs volume of fluid injected 
is Shown in Fig. 10. When the 100:1 ratio was achieved, 
there substantially was 100 per cent fill-up, and the re- 


sulting injectivity into Well No. 3 gave a very high re- _ 


sponse at Well 4. This is reflected in the production 
curve for this later interval, where the slope of the line 
increases very rapidly. The individual well performance 
indicated a very sharp decline in oil production after 
water broke through. 

Fig. 11 shows the cumulative oil production in per 
cent originally in place vs the per cent displaceable pore 
volume of water injected. It is readily apparent that 
approximately one-third more water had to be processed 
by operating to the 100:1 water-oil ratio than was re- 
quired by converting the wells at breakthrough; in each 
case, the ultimate recoveries were about the same. 
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Case VI, made with the sand model, corresponds to 
Case IV, made on the potentiometric model. The charac- 
teristic shapes of the water-oil interfaces, swept areas 
and well performances were in good agreement. This 
agreement between two independent models tends to 
strengthen the results of each. 


Case VII 


Water injection was initiated at Well No. 1; Wells 2, 
3 and 4 were permitted to produce at atmospheric pres- 
sure. When the selected water-oil ratio was achieved at 
Well No. 2, the injection into Well 1 was stopped and 
Well 2 was converted to an injection well. Wells 3 and 
4 were produced until the desired water-oil ratio was 
achieved at Well No. 3, after which injection into Well 
2 was stopped; Well 3 then was converted to an injec- 


tion well. Water injection was continued into Well 3 


until the desired water-oil ratio was achieved at Well 4. 
The results of this study are shown in Figs. 12 and 13. 


Breakthrough occurred at Wells 2, 3 and 4 when the 
water volume was equal to 22, 45 and 72 per cent of 
the displaceable volume, respectively. It was found that, 
by operating Well No. 2 to a 100:1 water-oil ratio, the 
oil-water interface advanced to a point very near Well 
3. A very thin line always separated the water on either 
side of the center line through the pattern. 


When water broke through at Well No. 3, there was 


_ only a very small displacement before the water-oil ra- 


tio became 100:1; i.e., the well fast went to water. 


Fig. 12 shows the per cent swept area vs the per 
cent displaceable volume injected. Fig. 13 shows the 
volume of water injected vs the cumulative oil produc- 
tion. The cumulative oil production represents the sum 
of the oil produced at all of the producing wells. It is 
noted on this curve that, until the total water injected 
was near 80 per cent, the oil recovery was slightly 
greater if the wells were shut in at breakthrough. At this 
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particular point, the oil recovery was approximately 60 
per cent of the oil originally in place; however, it was 
found that, if the wells were continued to a high water- 
oil ratio, a slightly greater oil recovery was obtained. 
Fig. 13 shows that oil recovery increased by 64 to 68 
per cent by operating to the water-oil ratio of 100:1. 

Oil which had been by-passed by prematurely mov- 
ing the injection well forward was apparent from visual 
inspection of the model. 


When injection was initiated at Well No. 2 at break- 
through, it was found that oil in the area slightly be- 
hind or to the left of Well 2 was not displaced. As a 
result, the oil was by-passed and, consequently, oil re- 
covery was not as great as that obtained by operation to 
a high water-oil ratio before converting. This phenom- 
enon became more pronounced when the water broke 
through at Well No. 3. This by-passing, on conversion 
of the wells at breakthrough, is also reflected in the 
swept area and in the cumulative oil-production curves. 
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SUMMARY AND CONCLUSIONS 


It has been found that, in some injection-production 
scheduling techniques, greater sweeps may be obtained 
for less water if the wells are shut in at or slightly after 
water breakthrough. Production past breakthrough in- 
verts the cusp normally obtained at breakthrough. 

Operation of the producing wells at equal rates ap- 
pears to be an improvement over operation at equal 
pressures. There appears to be some merit in transfer- 
ring production to a producing well located two or three 
wells in from a water injection well. 

It is possible that some oil may be left in an unswept 
area if a water injection well is moved forward imme- 
diately on shutting in a producing well. 

One-third of the total water requirement may be 
saved by optimizing injection-production schedules, 

Considerable caution should always be exercised when 
endeavoring to extrapolate laboratory results to field 
conditions. The limitations of the models should always 
be kept in mind. 
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ABSTRACT 


Laboratory experiments on the reverse combustion of 
tar sands in a linear adiabatic system have shown that 
a highly upgraded oil can be produced from an ex- 
ceedingly viscous, immobile oil. 

The dependence on the air-injection rate of peak 
temperature, combustion-zone velocity, oil recovery, 
air-oil ratio, residual coke and oil, fuel burned and dis- 
tribution of product gases is shown graphically. Effects 
of initial temperature, oxygen concentration, oil satura- 
tion and heat loss are discussed. Experiments bearing 
on the coking properties of heavy oils are mentioned 
and some results exhibited. 

Field application of the process hinges on the exis- 
tence_of-adequate air permeability and the rate of re- 
action under reservoir conditions. e 


INTRODUCTION 


It has been established that oil can be recovered from 
underground reservoirs by means of at least two fun- 
damentally distinct methods involving in situ combus- 
tion of a certain fraction of the oil. Characteristic of 
both of these known methods is the production of oil 
from one or more wells by means of hot gases formed 
when a high-temperature reaction zone is advanced 
through the reservoir. In both cases, the reaction zone 
is created by heating certain of the wells to a sufficiently 
high temperature prior to the introduction of air, and 
the zone is maintained and advanced through the res- 
ervoir by appropriate control of the air-injection rate. 


In the first of these methods, which is called “for- 
ward combustion’”,’ the combustion zone advances in 
a direction which is generally the same as that of the 
air flow; whereas in the second method, “reverse com- 


bustion”,’” the combustion zone moves in a direction 
generally opposite to that of the air flow. 


Forward combustion, on the one hand, is an ideal 
combustion process in the sense that a minimum of the 
most undesirable fraction of the oil is consumed as fuel 
in the form of coke, a clean sand is left behind and gen- 
erated heat is used as efficiently as possible. However, 
the applicability of forward combustion is limited. Since 
the products of combustion, vaporized oil and connate 
water must flow into relatively cold regions of the res- 
ervoir, there is an upper limit on the viscosity of oil 
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which can be moved by this process in a practical and 
economical fashion.’ 


On the other hand, it is characteristic of reverse com- 
bustion that the vaporized oil and water together with 
the products of combustion are produced through sand 
which is already hot and has had its mobile liquid con- 
tent eliminated. This means there is no upper limit on 
oil viscosity; indeed, the oil may be an entirely im- 
mobile semi-solid. However, fuel for the process is an 
intermediate fraction of the original oil, and the most 
undesirable fraction remains on the sand surface as a 
substantial deposit of coke. Since this coked material is 
not burned during reverse combustion, it represents 
energy which is available for the production of oil but. 
is not used for this purpose. It follows that one’ can 
expect economics to be somewhat less attractive with 
reverse combustion than with forward combustion. Nev- 
ertheless, it is a process which is designed for reser- 
voirs where forward combustion is impossible and, as 
such, has become a subject of experimental and the- 
oretical investigation. In this paper, only experiments 
made with tar sands are discussed. 


DESCRIPTION OF THE PROCESS 


We proceed, then, to consider the process of reverse 
combustion in greater detail. Fig. 1 illustrates a tem- 
perature profile defining a combustion zone which 
moves from right to left when air flows from left to 
right. In Zone 1, the temperature is the initial reservoir 
temperature, and the tar sand is as yet unaltered. This 
statement must be modified to the extent that physical 
properties of the oil may be changed by low-temperature 
oxidation at reservoir temperature. As air passes into 
Zone 2, which has been warmed by conduction, it as- 
sists in vaporization of the very light ends (if there 
are any), and oxidation occurs at a significant rate. In 
this region, there is almost no production of carbon 
monoxide or carbon dioxide because predominantly ad- 
dition-type reactions take place with the formation of 
oxygenated compounds such as aldehydes and acids to- 
gether with water. The hydrocarbon-enriched and 
slightly oxygen-depleted gas stream enters Zone 3 where 
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the temperature is sufficiently high that vigorous com- 
bustion (of the carbon-carbon bond rupturing type) 
sets in and substantially all of the remaining oxygen is 
consumed. Copious quantities of carbon monoxide, car- 
bon dioxide and water are formed and these, together 
with the nitrogen, constitute an inert gas passing through 
a hot, partially oil-saturated, porous medium. Under 
these circumstances, a highly efficient fractionation of 
the oil occurs, and only the extreme heavy ends are left 
behind to polymerize and coke. Finally, all combustion 
products, nitrogen and vaporized oil pass into Zone 
4 on their way to production. In the ideal case, noth- 
ing happens in this zone, the temperature remains con- 
stant and no significant coking from the vapor phase 
occurs. 

Thus reverse combustion is, in particular, a process 
for the in situ recovery of completely immobile oils by 
means of fractionation and vapor transport. Heat gen- 
erated by combustion is redistributed by convection 
and conduction in such a way that the combustion 
zone moves in a regular fashion from the production 
well to the injection well. A maximum temperature is 
reached because the oxygen is all used up. The com- 
bustion zone moves because of heat conduction. The 
fractionation process is so efficient that it is possible 
to produce a 25° API amber oil of 15-cp viscosity from 
an 8° API black oil of ~ 10°-cp viscosity. This remark- 
able upgrading process is a significant advantage in 
that refining of the product oil is much easier to accom- 
plish than would be the case if it were possible to 
employ a mining and extraction process. 

If air injection is continued after the combustion 
zone reaches the injection well, forward combustion 
will ensue, burning up the coke deposit and producing 
CO, and water. When the air flux is sufficiently low, oil 
as well as coke will be left behind after reverse com- 
bustion; hence, additional oil is recovered during the 
subsequent forward-combustion phase. This phenome- 
non broadens the possibilities of reverse combustion so 
that it can be regarded as a reservoir conditioning proc- 
ess possibly to. be followed by any of a variety of 
further recovery steps depending on the particular 
reservoir characteristics. 

The temperature distribution drawn in Fig. 1 applies 
only if combustion is accomplished under adiabatic 
conditions. All of the experiments which will be dis- 
cussed were carried out under near adiabatic conditions. 
If, however, the process is applied to a natural reser- 
voir, it will be found that the temperature in Zone 4 
decreases in the course of time. This effect is a conse- 
quence of heat loss by conduction to formations above 
and below the pay zone and, possibly, to impermeable 
streaks in the oil-bearing region. In such a case the 
problem of properly accounting for heat loss becomes 
fundamentally two-dimensional, so that the work pre- 
sented herein is not directly applicable. It is to be 
hoped, however, that the basic concepts of reverse 
combustion in porous media, as developed in this 
paper and one other,’ are sufficiently firm that only 
mathematical (or perhaps computational) ingenuity will 
a required to handle the more complex practical prob- 
ems. 


COMBUSTION EXPERIMENTS 


The largest cost item connected with the production 
of oil by the method of reverse combustion is the com- 
pression cost of injected air. It is useful to determine 
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in the laboratory a measure of the economics of reverse 
combustion as a method of oil recovery; namely, the 
air-oil ratio (scf air injected) /(bbl oil produced). For 
a given tar sand and a fixed air flux, the value of the 
air-oil ratio and velocity of the combustion zone will 
depend on heat losses from the laboratory system. How- 
ever, when this work began, a meaningful mathematical 
treatment which would include heat losses appeared 
beyond immediate grasp. Therefore, it was decided to 
construct a system wherein heat would be supplied 
externally for the purpose of eliminating heat loss. The 
experimental problem of minimizing radial temperature 
gradients during a transient process’ of heat transfer 
is fraught with difficulties, and we were never able to 
create an “everywhere” locally adiabatic system. How- 
ever, a system has been developed which approaches 
this goal and gives reproducible results amenable to 
physical interpretation. 

With regard to the following discussion of equip- 
ment and procedure, it should be realized that data 
were obtained during various phases of development. 
Consequently, not all of the methods described were 
uniformly employed in all the experiments reported. 


EQUIPMENT 
ADIABATIC TUBE 


A complete assembly is shown in Fig. 2. Details of 
this particular configuration are very important, and 
deviation from them can lead to unfortunate conse- 
quences. This particular design is the result of a time- 
consuming trial-and-error search. It can be improved 
upon, but only by devising a container of lower thermal 
conductivity and greater diameter which employs shorter 
heating segments. In comparison to the combustion-zone 
length, the tube should be long and the heaters short. 
The first of these conditions is satisfied at high air rates 
and the second at low air rates. Both are satisfied only 
at intermediate air rates. Thus, the system used is in the 
nature of a compromise between the difficult construc- 
tion and handling problems imposed by great length, 
on the one hand, and exorbitant cost resulting from 
large numbers of control units, on the other hand. 


The thermo-wells and heaters are spaced at 2.5-in. 
intervals. Heaters are non-inductively wound, ceramic- 
coil forms manufactured for standard combustion-tube 
furnaces, 


Central thermocouples are made from 1/16-in. stain- 
less-steel-sheathed thermocouple wire by exposing the 
wires, welding them under oil with current supplied 
through a mercury pool and spinning the sheath closed 
over the weld without shorting the wires to the sheath. 
External thermocouples are glass-insulated and fastened 
close to the heating elements with Sauereisen cement. 
Not shown in the figure are control thermocouples used 
to operate the end heaters. 


Use of vermiculite for insulation makes the tube 
immediately accessible by allowing insulation to flow 
from the bottom of the container. 


CONTROL SYSTEM 


Each heater segment was furnished with a continuous 
proportional controller. Fig. 3 is a diagram of one such 
control unit. Its operation depends on a unique feed- 
back system based on the difference in masses of two 
auxiliary thermocouples. When the temperature at the 
center of the sandpack exceeds that measured under 
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the heater, the voltage difference between the measuring 
thermocouples is amplified and used to drive a balancing 
motor. The balancing motor rotates a Powerstat by 
virtue of its connection through a gear reducer and 
anti-backlash clutch. This simultaneously increases the 
voltage to the tube heater segment and a light bulb 
connected in parallel with the heater. As the light bulb 
warms, it heats the pair of opposed auxiliary thermo- 
couples. The thermocouple of low mass heats up rapidly 
and opposes the voltage generated by the tube couples. 
This drives the Powerstat back toward zero, lowering 
the heat input to the tube and turning off the light bulb. 
Meanwhile, the large-mass thermocouple has been 
heating up and will turn the heater and light bulb back 
on when its output exceeds that of the small-mass 
couple which is now rapidly cooling. This action is 
subject to a new demand from the tube couples which 
may override the auxiliary couples at any time. All of 
this means that the low-mass auxiliary thermocouple 
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prevents overshoot and the high-mass auxiliary thermo- 
couple prevents undershoot. The net effect is that the 
system seeks a balance point and tends to float; i.e., it 
feeds a slowly varying voltage to the heating element 
of just enough magnitude to maintain internal- and 
external-tube thermocouples at equal temperatures. 
Response to unbalance is rapid, and temperature differ- 
entials of less than 2° F have been recorded during a 
temperature rise in excess of 50° F/min. 


A single thermocouple is used to record and control 
for this system, any transient voltages induced by opera- 
tion of the control circuit being filtered out by swamp- 
ing resistors. 


Since it is difficult to match the output from any 
pair of thermocouples over a large temperature interval, 
it was necessary to add a constant bucking potential by 
means of an adjustable lamp shining on the small-mass 
auxiliary thermocouple. This potential was set during 
each run to maintain the external-tube thermocouple 
temperature slightly lower than the central sandpack 
temperature. 


Each contro] unit is furnished with plugs and jacks 
so that, if trouble occurs during a run, that unit can be 
pulled out and another plugged in. Furthermore, except 
for the Powerstat, all major parts of the controller are 
components of an L & N recorder and, hence, are 
readily available, easily serviced and have full salvage 
value. 


AIR SUPPLY 


The air feed system is shown on the left of Fig. 4. 
The differential flow regulator maintains a constant 
volumetric flow rate at a constant pressure, independent 
of pressure build-up on the outlet side provided this 
build-up does not become excessive. This system is 
reliable and appears to be capable of delivering a con- 
stant air flow indefinitely. 

Whenever data were available, actual air rates were 
determined by analysis of the vent gas for nitrogen, 
together with the volumetric flow rate of vent gas as 
determined with a wet-test meter. 


PRODUCT SEPARATION 
The scheme used to handle products from the com- 
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bustion tube is illustrated on the right of Fig. 4. Ap- 
proximately one-half of the oil and most of the pro- 
duced water condense out in the first trap at room 
temperature. Some additional oil is obtained in the 
water-cooled condenser, and the remainder is knocked 
out by the electrical precipitator. This last device is 
necessary because close to one-half of the oil recovered 
is produced as entrainment in the gas stream which has 
the appearance of a dense white-to-yellow fog. The 
significance of early experiments was obscured when 
this material was not efficiently recovered. If a few 
hundred pounds of pressure is applied during combus- 
tion, the entrainment problem disappears. 


Gaseous products then pass through a caustic scrub- 
ber where most of the CO, and all of the H.S are 
removed. A cold trap knocks liquid entrainment out of 
the sweet gas before it enters the small charcoal ad- 
sorber where light liquid hydrocarbons (if there are 
any) are retained. Finally, the gas is metered and 
vented. Gas sampes are taken just prior to the caustic 
scrubber and at the vent. 


PROCEDURE 


Depending on the nature of the particular tar sand 
under study, the entire tube and the tar sand were 
warmed to 100°-200° F, and the sand was tamped 
carefully and firmly in place. At evenly spaced inter- 
vals, samples of sand were removed for oil and water 
analysis and the total weight of charged sand was 
recorded. Thermocouples were then inserted, the sand 
was allowed to cool to room temperature, insulation 
was added and the run was ready to begin. 


It will be seen later that, to each air flux, there 
corresponds a peak temperature of combustion. Igni- 
tion can always be achieved by heating the end of the 
tar sand to this temperature prior to admission of air, 
independent of the remainder of the temperature dis- 
tribution. In later work it was found convenient to 
start air injection at the desired rate at the outset and, 
then, to impress a previously determined steady-state 
temperature profile on the end of the tube as quickly 
as possible. In this way it was hoped that a steady- 
state could be achieved more rapidly at low air rates. 


Data for the steady-state behavior were taken only 
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from the time that a complete, normal, temperature 
profile was obtained until there was a significant rise in 
temperature at the injection end of the tube. When the 
reverse phase was finished, the entire assembly was 
weighed and the forward phase commenced. Finally, 
the clean sand was removed and weighed. 


Oil and water samples were collected in a single 
container for the steady-state portion of the run, and 
their quantities were determined by weight. Separation 
of phases was achieved with a centrifuge. 


With the exception of a few experiments (one of 
which is reported here), details of the forward-combus- 
tion phase have not been properly studied because of 
the high temperatures involved. If the adiabatic controls 
are permitted to function during this phase, tempera- 
tures exceed the physical limits of the tube heaters and 
control devices, and extensive damage is caused. To 
avoid this, it was found necessary to shut off the con- 
trols when the sand temperature reached 1,200°F. This, 
of course, resulted in substantial heat loss. 


RESULTS 


Primarily, data presented in this report are confined 
to outcrop samples of tar sand obtained from Asphalt 
Ridge, Utah, and the Athabasca River in Alberta, 
Canada. Some of the properties of these materials are 
listed in Table 1. Table 2 is an accumulation of all the 
data presented on these two tar sands. Certain of these 
data are graphed as a function of the air flux in stand- 
ard cubic feet per hour X square feet. Here, standard 
cubic feet refers to 0°C and 760 mm, and the area 
refers to the total tube cross section. 


TEMPERATURE DISTRIBUTION 


An example of the temperature profiles obtained 
during an experiment is shown in Fig. 5. Some were 
more uniform than these and others less. In this con- 
nection it must be mentioned that smooth temperature 
profiles are not necessarily the mark of a good experi- 
ment. In fact, quite the reverse is true. A massive 
measuring device will always yield a smooth profile. As 
the measuring mass is reduced, a more detailed picture 
is obtained—revealing the irregularities which properly 
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TABLE 1—PROPERTIES OF TAR SANDS 


Characteristic Asphalt Ridge Athabasca 
Oil Content (wt. per cent of tar sand) 11 to 13 12.1 to 13.2 
Water Content (wt. per cent of tar sand) 0.8 to 1.4 


Sulfur (wt. per cent of oil) 0.39 to 0.5 3.8 to 5.1 
Oxygen (wt. per cent of oil) 6.8 7.0 
Specific Gravity (60/60) 1.01 1.03 
Viscosity, 210°F (cp) 177 700 

275°F (cp) 28 


could be expected when a combustion wave travels 
through a tar sand. 


The average peak temperature is plotted in Fig. 6 
for virtually all the experiments we have carried out 
in reverse combustion. These points represent data 
obtained from six different tar sands packed in tubes 
of five different designs. One of the tubes was composed 
of %4-in. thick transite and had no heaters. Another 


was made of 5-in. ID stainless tubing with a 1/16-in. 


wall and no heaters. Three tubes were constructed of 
very thin-walled stainless tubing of ~ 2.5-in. diameter 
and were equipped with heaters and controls of various 
designs. Nevertheless, a good correlation is obtained 
and leads us to conclude that, over the range of vari- 
ables studied, the peak temperature attained during 
successful reverse combustion of most tar sands can be 
adequately represented as a function of the air flux 
alone and is insensitive to heat loss from the system. 
In the foregoing the word “successful” is used advisedly, 
because the result is clearly not true if boundary and 
initial conditions are such that combustion cannot pro- 
ceed. Thus, heat losses have little effect on the peak 
temperature, provided they are not sufficiently great 
that combustion is impossible. 


VELOCITY OF THE COMBUSTION ZONE 


The average combustion-zone velocity is graphed as 
a function of air flux in Fig. 6. To obtain these values, 
the distance traversed was plotted against the time 
using the intersections of several lines of constant tem- 
perature with successive temperature profiles. The slope 
of the best linear portion of the resulting graph was 
defined to be the average velocity. 


Data in Fig. 6 seem to be reasonably well repre- 
sented by a straight line. However, the reason for this 
is that there is not a wide variation in the physical 
properties of the various sand packs which these points 
_ represent. 


Heat loss decreases the combustion-zone velocity. The 
reason for this is that heat which is lost would other- 
wise contribute to the rate of conduction upstream. 
This effect can be seen by comparing Run 37, which 
was carried out in an insulated tube without heaters, 
with Fig. 6. The difference in velocities for the same 
air flux is about 3.7 ft/day. 
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APPROACH TO STEADY STATE 


Experiments, made at high and intermediate values 
of air flux stabilized rapidly. As the air flux was dimin- 
ished, it was increasingly difficult to obtain quasi-steady- 
state conditions. Probably, the runs at very low air 
rates did not stabilize. 


An example of steady-state behavior achieved at an 
intermediate rate appears in Fig. 7. This temperature 
distribution is the average of points obtained from four 
successive stations on Fig. 5 after the profiles were 
smoothed. Wherever possible, points for this graph 
were obtained directly from Fig. 5 for fixed locations 
on the tube. However, to fill out the curve it was neces- 
sary to calculate some of the points using the average 
combustion velocity as determined previously. 


- OIL RECOVERY 


In view of entrainment of oil in the vapor phase, 
experimental values of oil recovery are strongly affected 
by the manner in which oil is collected. In some of the 
earlier experiments, sintered-glass disks and numerous 
other crude separation devices were used in place of the 
electrical precipitator. Consequently, there is consider- 
able scatter of the data. Nevertheless, it can be seen 
in Fig. 8 that the rich tar sands yield about 50 per 
cent over-all recovery in a manner that is fairly inde- 
pendent of air flux in the range of interest—even when 
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the air flux is diminished to the extent that oil recovery 
is achieved on the forward as well as the reverse phase. 
This point is illustrated by the descending curve which 
represents oil recovery during the reverse phase only, 
whereas the total recovery is represented by the curve 
above. Oil recovery on the reverse phase decreases 
rapidly with the air flux because the temperature is too 
low to accomplish effective distillation. On the subse- 
quent forward phase, the temperature is aways  suffi- 
ciently high to remove all remaining oil. 

The discovery, that recoverable oil can remain behind 
after reverse combustion, was a direct consequence of 
devising a near-adiabatic system. In the absence of 
heat-loss control, it is quite impossible to achieve the 
low temperature and low-fuel consumption required to 
observe this phenomenon, except with equipment of 
exceedingly large diameter. 

It is obvious that oil recovery will diminish with 
decreasing, initial, oil saturation and increasing air flux. 
These statements are in harmony with Run 37. 


AtR-OIL RATIO 


Fig. 8 shows the manner in which air-oil ratio can be 
_expected to depend on air flux. Here again, the values 
are strongly dependent on the efficiency of entrainment 
separation and on heat losses. Thus for a given air 
flux, heat loss slows down the combustion zone, which 
results in additional fuel consumed, less oil recovered 
and more air required. If oil collection is of variable 
efficiency, then it is easy to see how considerable data 
scatter can result. 


In spite of these complications, Fig. 8 illustrates the 
trends that can be expected. At high air rates, high 
fuel consumption increases the air-oil ratio, This is 
clear because there exists a finite air rate, corresponding 
to which all oil present will be burned. At non-zero 
low air rates, the temperature becomes too low to 
distill any of the oil and, hence, the air-oil ratio must 
again become very large for reverse combustion only. 
Therefore, the air-oil ratio must pass through a min- 
imum, as shown on the figure. 

If combustion on the forward phase is included, the 
additional recovered oil permits the air-oil ratio to 
remain favorable. Thus, for a process of reverse com- 
bustion followed by forward combustion, the air-oil 
ratio is reasonably independent of air flux over the 
range of interest and is near 12,000 to 15,000 scf/bbl. 


PRODUCTS 
Inspection of Tables 1 and 2 shows the extensive oil 
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upgrading that results from reverse combustion. Product 
oil can be expected to have a specific gravity in the 
range of 18° to 26° API and a viscosity of 10 to 20 
cp. This is to be compared with an original gravity of 
6° to 8° API and a viscosity of the order, 10° cp. 
When separated from produced water, the product oil 
always has a refined appearance and varies in color 
from a deep green to amber. The water phase is color- 
less at high air rates and varies from yellow to pink 
at low rates. It is always acidic and has a strong odor 
of oxygenated compounds. 

Oxygenated compounds have been found in both 
the oil and water phases. This results in a low water- 
oil interfacial tension, and emulsions are sometimes 
formed. Because of oxygen in the oil and water and 
an unpredictable quantity of oxygen in the original tar 
sand, it is very difficult to make an oxygen balance 
over the process. Consequences of this will appear later. 


The production of carbon monoxide and carbon 
dioxide is graphed in Fig. 9 in terms of mole ratios to 
oxygen consumed. If the CO./CO ratio is computed 
from these curves, it will be found to increase strongly 
with temperature. 


The mole ratio of H.O to O. was not plotted, because 
the scatter is so bad as to render a graph meaningless. 
Since CO and CO. production seem to follow identi- 
fiable trends, it must be true that most of the uncer- 
tainty in the distribution of oxygen is reflected in water 
production. For the same reason, bad fluctuations also 
are found in the water-oil ratio. 


Produced gas is always of very poor quality and 
consists predominantly of N., CO. and CO. For ex- 
ample, Run B-6 resulted in 77.2 per cent N., 13.2 per 
cent CO., 3.6 per cent CO, 3.6 per cent C, — C, and 
other miscellaneous gases including H.S, H, and argon. 
Occasionally some COS and SO, are formed. 


INITIAL TEMPERATURE 


A single experiment (G-9) was made to determine 
the consequences of increasing the reservoir tempera- 
ture. This was carried to the extreme by employing an 
initial temperature of 300° F, which is just short of the 
point where spontaneous ignition of Athabasca sand is 
a certainty. The run was normal in all respects; in 
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TABLE 2—REVERSE-COMBUSTION DATA 


Residual 
‘oke 


Porosity (Vol. Oil Saturation Water Produced Oil 
Oil With (% of __Content ALS ned Specific 
Avg. Peak of Oil Recovery Reverse (Wt. % of (Wt. iscosi 
Run Sond vel) (°F) Comb. Zone Reverse Phase Phase : Produced Gases (Mole Ratio) wor 
Rid 
18.2 114 53.7 0.50 66.8 882 4.36 41.8 960 3 
as 40.0 19.0 4 52.3 0.50 38.1 733 3.07 52.0 15,650 24.1 0.171 0.388 1.20 0.562 
Ry, 36.5 13.2 12.2 63.9 0.50 35.6 726 3.76 49.1 12/110 24.7 1.05 0.313 
55.7 0.50 24.1 610 2.88 16,180 25.4 0.0966 0.273 0.998 0.520 
: 38.4 13,3 13.0 65.3 0.50 9.2 500 2.19 16.2 60 25.5 0.0939 0.190 1.02 0.72 
Athabasca 41.8 18.8 13.1 54 
2 b 41.8 18.8 13.1 54.9 0.137134 1080 7.72 4.6 20,900 23.6 31.9 19.2 11.8 2.89 0.071 0.646 0.855 0.584 
a 2 42.0 20.6 12.5 51.0 9. 76.8 933 4.84 45.7 18,700 22.0 32.3 19.1 15.2 2.74 0.139 0.587 0.783 0.441 
: 00 60.2 882 4.39 9.0 14,080 23.7 26.8 18.3 19.4 2.93 0.151 0.591 1 0.482 
G-1 37.3 12.8 12.8 65.6 Eel 
Sue 7 12.8 is 65.6 0.39 55.3 388 4.25 2.3 12,580 19.7 27.9 20.4 14.8 2.55 0.102 0.523 0.695 0.263 
ae a7 a2. 13.2 66.4 1.25 53.0 861 3.48 48.1 14,600 29.5 22.3 21.8 10.6 2.33 0.107 0.446 1.26 0.613 
: Ot 30.7 743 3.29 3.9 12/910 38.0 18.2 19.5 13.0 2.50 0.158 0.439 1.09 0.412 
G-25 39.8 18.1 12.2 54.6 Al 
: 0.48 20.0 549 2.03 re 27,890 73.9 5.6 18.3 4 1.56 0.109 0.276 1.21 0.878 
G-21 
37.9 13.7 12.1 61.9 0.63 17.8 602 1.67 mee 28,100 70.7 5.0 18.7 12.9 2.09 0.189 0.476 0.921 0.841 
D-15 42.7 21.0 12.6 50.8 1.37 3 
13.2 565 26,700 25.0 1.34 
40.3 18.5 12.5 54.2 0.00 12.0 503 2.10 MeO 20,800 19.3 10.1 1.86 0.072 3 180 I 7 0.713 
37* Oklchoma 40.0 15.2 = 38 i 
G-9** Athabasca 36.7 119 13.1 67.5 os 
53.5¢+ 12,520 36.8 20.0 20.6 11.6 2.23 1,00 0.383 
55.3+ 760-820 3.8 36.5 6.200 7.2 9 
760,820 3.8 3 3.54 0.9 0.638 


*Insulated tube. No heaters 

**Initial temperature = 300° 

***Oxygen flux, 11.2 scf/hr (ft?); O2 concentration, 50.2 per cent by volume 
air flux 

+tOver-a 


particular, a quasi-steady-state condition was rapidly 
achieved. However, if the tube had been longer, the 
system probably would have behaved in a different 
manner because of a non-zero reaction rate at 300° F. 

If this experiment is compared with values obtained 
from the curves drawn in the various figures for the 
same air flux, it will be seen that the peak temperature 
is 187° F lower and the velocity is 5.08 ft/day higher. 
With reference to another paper,’ it is shown from 
an over-all heat balance that the velocity varies inversely 
with the total temperature rise and, therefore, should 
be very greatly increased (as has been observed). Ze 


The oil recovery is somewhat higher and has been 
redistributed so that part of it was obtained on the 
forward phase, and the air-oil ratio is about the same. 
However, oil-recovery and AOR figures are incorect 
because, when the experiment was commenced, it was 
not known what the peak temperature would be and 
too high a value was assumed. This resulted in extra 
oil production on the reverse phase. Although a theory 
for the rate of oil production has not yet been carried 
through, it seems reasonable that this rate is determined 
primarily by the peak temperature. Since increasing 
initial temperature decreases peak temperature, one 
should then expect the oil-production regime to shift 
toward that observed for experiments with lower peak 
temperatures. Thus, had the experiment been properly 
conducted, one should have observed a lower reverse- 
phase recovery, followed by additional oil recovery 
on the forward phase. 
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INITIAL OxYGEN CONCENTRATION 


A high, initial oxygen concentration was used in 
Run G-10. The oxygen flux was 11.2 scf/hr (sq ft), 
corresponding to the oxygen content of an air flux of 
53.3 or to an initial concentration of 50.2 per cent by 
volume for a gas Of 22.5% 


This experiment was basically different from all 
others in regard to behavior of the temperature dis- 
tribution. The temperature would start to peak in the 
range of 760° to 820° F, but then would continue on 
up until, at termination of the run, it had reached 
1,400° F and was still climbing slowly. Oxygen appeared 
in the tail gas throughout the experiment and was still 
1 to 2 per cent at the end. Evidently the tube was 
much too short for such a high oxygen concentration. 
The velocity averaged over the lower temperatures was 
3.8 ft/day, but it decreased to less than half of this at 
higher temperatures. It appears, therefore, that the 
reaction mechanism changes as the temperature exceeds 
about 800° F. It is consistent with the results to con- 


_sider that all oil which is immobile at the gas flux 


used has been consumed, and the remaining O, must 
react with solid coke which has a higher energy of 
activation. This being the case, the burning rate of 
coke is slow in consequence of the low temperature, 
and the ever-diminishing oxygen concentration. 


In Table 2, the air-oil ratio is computed on the basis 
of an air flux of 53.3 so that some kind of comparison 
can be made with other experiments. It is consistent 
that a high oxygen concentration should consume more 
oil and yield a lower oil recovery. The high air-oil ratio 
is meant to reflect this together with the high cost of 
enriched air. 

It is noteworthy that the produced oil had an ex- 
tremely low gravity (heavier than water) as well as a 
low viscosity. This suggests that the presence of oxygen 
in the high-temperature zone assists in the formation 
of compounds (possibly by dehydrocyclization) not 
obtainable with air. This line has not yet been pursued 
in detail. 


COKE, RESIDUAL OIL AND FUEL 


An experiment was conducted specifically to obtain 
information about the distribution of hydrogen and 
carbon and the nature of coke in the combustion zone. 
To accomplish this, the experiment was terminated 
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early by substituting nitrogen for air at an equivalent 
total flux. In this way excess oil in the high-temperature 
region was expelled and the sand was allowed to cool 
to room temperature. Following this, a long core was 
drilled from the center of the sand and was sectioned 
as indicated in Fig. 10. Temperature vs distance was 
established for the core fragments by means of holes left 
in the core by central thermocouples. The core seg- 
ments were analyzed for hydrogen and carbon; results 
appear in the figure. 

The carbon-hydrogen analysis of original tar sand 
corresponds to a formula of C,Hio. whereas at the 
peak temperature this has altered to about C,H,. For- 
mation of solid coke (i.e., cannot be totally extracted 
with benzene, methanol or pyridine) commences in 
the segment labelled “tough”. This and other experi- 
ments at atmospheric pressure have shown that, given 
sufficient time and surface area, heavy oils will coke 
at temperatures as low as 450° to 500° F. when in the 
presence of air. Thus, in particular, coking must have 
occurred on the reverse phase during all of the com- 
bustion experiments reported. 


The picture we have of the reverse-combustion proc- 
ess requires that substantially all coking take place in the 
liquid phase. To check this point, an extracted tar and 
a heavy crude were placed in a flask and heated while 
bubbling nitrogen through the liquid. The vaporized 
and entrained oil was then passed through a long sand- 
packed column, heated to various temperatures up to 
1,000° F. Vapor-phase coking on the hot sand was 
insignificant. However, when the sand column was 
cooled sufficiently that effluent oil could reflux down 
into the hot sand in the liquid phase, copious quantities 
of coke were deposited. The idea of the virtual absence 
of vapor-phase coking also agrees with the trend toward 
a constant value of carbon plus hydrogen beyond the 
peak temperature, as exhibited in Fig. 10. 

In Table 2, a limited amount of information is avail- 
able regarding coke-plus-oil remaining on the sand 
after the reverse phase and the quantity of oil con- 
sumed during reverse combustion. This information is 
graphed in Fig. 11. It can be seen that residual coke- 
plus-oil increases as the temperature decreases. Further- 


more, required fuel increases with the air flux, as it 
should. 


PERMEABILITY 

No special study was made of the permeability 
changes during various phases of combustion; however, 
a few remarks can be made about trends observed. If 
heat loss was high, initial tar saturation low or initial 
permeability high, then the permeability usually would 
increase during the reverse phase. However, most of 
the reported runs had relatively high, initial oil satura- 
tions, initial permeabilities in the range of 1 to 4 darcies 
and were near adiabatic. In these cases, the permeability 
usually declined on the reverse phase. For example in 
Run G-23, the air permeability declined from 1.22 to 
1.02 darcies during the reverse phase. Permeability 
always increased during the forward phase. 


MATERIAL AND HEAT BALANCE 

Over-all material balances were good. Based on the 
materials charged, the average deviation was about 
0.5 per cent by weight, and the maximum deviation 
was 1.1 per cent. Difficulty was experienced with the 
oxygen balance until it was recognized that the original 
tar sand contained substantial quantities of oxygen 
(Table 1). 

Basic to the heat balance was the assumption that 
liberated heat could be calculated from the injected 
oxygen using a constant heat of combustion of 515 
Btu/scf O,. This figure was obtained by averaging the 
heats of combustion of a large number of hydrocarbon- 
oxidation reactions. Deviation from this figure was 
within + 3 to 4 per cent for most reactions, but specific 
cases were found where it exceeded —11 per cent. On 
this basis and with temperature dependence of physical 
properties taken into account, heat balances for the 
teverse phase (where possible) varied from 11 per 
cent lost to 3.1 per cent gained. If the heat of combus- 
tion in reality is slightly less than assumed, the maxi- 
mum deviation would be considerably reduced. 


CONCLUSIONS 


Over the range of variables studied, quasi-steady-state 
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‘reverse combustion of rich tar sands in a linear near- 
adiabatic system can be expected to conform to the 
following conclusions. 


1. The average peak temperature attained during 
successful reverse combustion of most tar sands can be 
adequately represented as a function of the air flux 
alone and is insensitive to heat loss from the system. 
Increasing the air flux from 10 to 130 scf/hr (sq ft) 
increases the peak temperature from about 500° to 
1,070° F. 


2. The average combustion-zone velocity is approxi- 


mately a linear function of the air flux. As the air flux 
increases from 10 to 130, the velocity increases from 
about 1.8 to about 7.6 ft/day. Heat loss decreases the 
combustion zone velocity. 


3. Oil recovery from’ reverse combustion passes 
through a maximum of about 50 per cent near an air 
flux of 40 scf/hr (sq ft), corresponding to a peak 
temperature of 780° F. Below this value, recovery 
drops rapidly. Above this value, recovery drops slowly 
and is still about 43 per cent at 130 scf/hr (sq ft). In- 
creasing initial oil content increases oil recovery. 


4. If reverse combustion is followed by forward 
combustion, additional oil is recovered below about 40 
scf/hr (sq ft). The total oil recovery from such a com- 
bined process is reasonably independent of air flux and 
has a value of about 50 per cent. 


5. The phenomenon of controlled heat release at a 
low temperature level permits reverse combustion at 
low air rates to be considered as a reservoir condi- 
tioning process, possibly to be followed by any of a 
variety of further recovery steps, depending on the 
particular reservoir characteristics. 


6. The average air-oil ratio achieved during reverse 
combustion passes through a minimum of about 13,000 
scf/bbl near an air flux of 40 scf/hr (sq ft). Above 
this flux, the air-oil ratio increases to about 22,000 at an 
air flux of 130. Below this flux, it increases very rapid- 
ly. When reverse combustion is followed by forward 
combustion, the air-oil ratio is fairly independent of 
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air flux in the range 10 to 40 scf/hr (sq ft) and achieves 
a value of about 12,000 scf/bbl. Air-oil ratio is a 
strongly increasing function of heat loss. 


7. The average mole ratio of CO./O, increases with 
temperature and varies from about 0.18 at 500° F to 
0.67 of 1,070° F. The average mole ratio of CO:0O, 
passes through a maximum of about 0.17 at a tempera- 
ture near 890° F. The average mole ratio of CO,:CO 
increases from 2.7 to 9.2 as the temperature ranges 
from 520° to 1,070° F. 

8. Increasing the initial temperature decreases the 
peak temperature and increases the combustion-zone 
velocity. 

9. Increasing the initial oxygen concentration causes 
a typical behavior as described in “Results”, decreases 


_the oil recovery, increases the equivalent air-oil ratio 


and produces a product of very low API gravity and 
very low viscosity. 

10. Coking of heavy oils on porous media at atmos- 
pheric pressure in the presence of air commences at 
temperatures as low as 450° to 500°F. Substantially 
all coking during reverse combustion takes place in the 
liquid phase. The carbon-hydrogen distribution through 
the combustion zone is such that the H:C ratio for 
Asphalt Ridge tar sand decreases from about 1.66 to 
about 1.0 at a peak temperature of 930° F. Thus, the 
H:C ratio of the oil-coke deposit remaining after re- 
verse combustion decreases as peak temperature in- 
creases. 


11. Increasing the air flux (and, hence, the peak 
temperature) decreases residual coke and oil and in- 
creases fuel required. 


12. When air is the oxidizing agent, all oxygen sup- 
plied is always consumed in the process. 


13. A highly upgraded oil is produced under all 
circumstances, approximately characterized by a specific 
gravity of 25° API and a viscosity (100° F) of 15 cp. 

“FINAL REMARKS 


As mentioned earlier, it would be interesting to de- 


_ vise an adiabatic system of greater length, with shorter 


heating segments and fabricated from a material of 
lower thermal conductivity. In this way, one could be 
certain that redistribution of temperature near the wall 
was small and did not influence results. 

Apart from this, the main deficiency in experimental 
data lies in the domain of increased-pressure operation. 
Work on this aspect has begun and consists of per- 
forming similar experiments using the same equipment 
—except that everything (including tube and heaters) 
is enclosed in a pressure vessel. 

Successful application of reverse combustion to tar 
sands will depend on the outcome of two practical con- 
siderations. First, the situation appears to be that, 
wherever a tar sand has adequate air permeability, the 
oil saturation is too low; where the oil saturation is 
high, gas permeability is inadequate. Secondly, it may 
happen that the rate of reaction at reservoir conditions 
is high enough that insufficient oxygen will reach the 
production well, and spontaneous ignition eventually 
will take place in an uncontrolled fashion. These are 
problems best relegated to field testing. 

Finally, it should be remarked that there is nothing 
about the phenomenon of reverse combustion that makes 
it applicable only to tar sands. It is just as easy to burn 
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light oils, and even gases in porous media, using this 
scheme. Of course, its application to flames is well 
known and is discussed in another paper. 
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ABSTRACT 


The behavior of the reverse-combustion process in 
a linear adiabatic system is theoretically investigated 
by means of an idealized physical model. This model 
is described by a pair of non-linear equations involving 
‘heat and mass transfer which are coupled by a con- 
centration-dependent reaction-rate function of the Ar- 
rhenius type. 


The differential equations governing the quasi steady- 
State temperature and concentration distributions are 
approximately solved by using either physical or mathe- 
matieal- simplifications. It is shown that the reverse- 
combustion process can be mechanistically described 
by simple physical models whose behavior equations 
can be solved formally. It is further demonstrated that 
the derived reverse-combustion equations can be solved 
numerically within the error limits for the experimen- 
tal data. The theoretically predicted peak temperature- 
flux-velocity relationship exhibits reasonable agreement 
with experimental data obtained from Athabasca tar 
sand. 


The principal contribution of this work lies in its 
usefulness as a starting point for developing a more 
comprehensive theory. A description of the vaporiza- 
tion-coking process must be obtained; then, the theory 
must be extended to three dimensions to include ge- 
ometrical effects and heat losses. 


INTRODUCTION 


In another paper,” the physical processes visualized 
as occurring during reverse combustion have been de- 
scribed. In this paper, the extent to which an elemen- 
tary theory can account for. experimental observations 
is determined. Theoretical results that can be used to 
estimate some of the behavior characteristics of impor- 
tance to this process are also presented. 

Since it is not possible to include all the features of 
the combustion mechanism of which we are currently 
aware, the mathematical formulation refers to the highly 
idealized system developed herein. This simplified phys- 
ical model is based on the simultaneous transfer of 
mass and heat accompanied by a chemical reaction; 
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it is described mathematically by a pair of coupled, non- 
linear differential equations. Similar sets of equations 
have been studied extensively in the field of flame propa- 
gation; an excellent review of these investigations has 
been published by Evans.’ 


FORMULATION OF THE PROBLEM 


It will be recalled that the experiments are performed 
with a thin-walled cylindrical tube that is uniformly 
packed with sand and oil. The system is maintained 
substantially adiabatic by means of heat supplied exter- 
nally in such a way that the radial temperature gra- 
dient in any plane normal to the axis of the tube ap- 
proaches zero. Initially, the tube is at ambient tempera- 
ture, except at one end where it is rapidly heated to a 
predetermined temperature. When the prescribed tem- 
perature is achieved, air is caused to flow into the cold 
end of the tube. As the oxygen in the air stream con- 
tacts the hot oil, a localized exothermic reaction takes 
place. The generated heat is conducted and convected 
away from the reaction zone so that definite tempera- 
ture and concentration profiles are rapidly established 
and move uniformly in a direction opposite to that of 
the air flow (Fig. 1). As a consequence of this mode 
of oxidation, all of the oxygen in the air is consumed; 
then, the remaining nitrogen and the gaseous combus- 
tion products sweep out all vaporized hydrocarbons and 
leave an immobile hydrocarbon-coke on the sand. 


FIXED COORDINATE SYSTEM 


—— TEMPERATURE 


—— OXYGEN 
CONCENTRATION 


6=0,W=1 
MOVING COORDINATE SYSTEM 


Fic. 1--Moyine vs Fixep CoorDINATE SYSTEM. 
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fet us consider a one-dimensional, infinitely long, 
adiabatic, constant pressure system in which it is as- 
sumed that at each point, x, and time, t, the tempera- 
tures of the sand, oil and gas are identical. Since liquid- 
phase flow is neglected, the porous medium can be di- 
vided into two parts; i.e., the gas-filled pores, character- 
ized by ¢,, and the remaining sand-oil “matrix”, 1 — ¢,. 

At the appropriate point, it will be required that the 
shapes of the temperature and concentration profiles 
become independent of time and are translated through 
the system at a constant velocity. This statement is 
equivalent to demanding that a quasi-steady state exists. 

All physical parameters will be considered to be in- 
dependent of temperature; however, the particular values 
employed to describe the experiments will be averages 
appropriate to the temperature intervals involved. 


THE HEAT EQUATION 

There are three quantities that enter into a heat bal- 
ance over a differential element of volume: q,, the 
thermal flux due to conduction and convection; h;, the 
heat content per unit volume of core; and Q, the rate 
of heat generation per unit volume of core. Evidently, 


Ox ot 
where (x,t) is a coordinate system fixed in the core. 
The heat flux is given by Fourier’s law, supplemented 
by a term to account for gas-phase convection; thus, 


oT 


The heat accumulated in the core is simply an addi- 
tive function of the heat content of the individual 
components, 


With our present knowledge, all that can be done 
with the rate of heat generation is to assume that heat 
is evolved at a rate directly proportional to the rate of 
oxygen consumption per unit volume of core. This “ef- 
fective reaction rate”, R’, depends on the local tem- 
perature and oxygen concentration. Thus, 

The combination of Eqs. 1 through 4 gives the fun- 

damental heat equation. 


[pace + (1 — (5) 


The effective thermal conductivity K’ is measurable, or 
it can be estimated.” 


THE OXYGEN EQUATION 
Conservation of oxygen is governed by an equation 
similar to Eq. 1. 
dhe 


In this case, qo refers to the flux of oxygen resulting 
from diffusion and convection, and he is the oxygen 
content per unit volume of the core. 

The oxygen flux must conform to Fick’s law, aug- 
mented by a term representing oxygen transfer by gas- 


phase convection; it is assumed that thermo-diffusion 
is negligible. Therefore, 


Since hy = ¢,C, Eqs. 6 and 7 yield the fundamental 
oxygen equation: 
oC 
uC} — R’(C,T) = ¢,—- (8) 
Ox Ox 

In this relation, the effective diffusion coefficient, D’, 
is regarded as measured in the oil-saturated porous me- 
dium. In the absence of experimental data, the effect- 
ive value may be estimated from the conventional mo- 
lecular-diffusion coefficient.’ 


THE EFFECTIVE REACTION RATE 


A meaningful yet tractable formulation of the reac- 
tion rate for a heterogeneous chemical process is diffi- 
cult in view of simultaneous diffusion and chemical re- 
action in an unusual geometry, i.e., in a porous me- 
dium. In this particular case, the physical picture is fur- 
ther clouded by the presence of three phases (gas, oil 
and coke) and the distinct possibility that entirely dif- 
ferent classes of reactions take place at different tem- 
peratures. 


For example, low-temperature oxidation of asphalts 
is adequately described by diffusion and chemical reac- 
tion in the liquid phase;* however, high-temperature 
combustion of carbon is controlled by diffusion of oxy- 
gen through the products of combustion in the gas 
phase.” During reverse combustion, it is probable that 
these regimes prevail at the extremes of the expected 
temperature range; but, for our purposes, interest is 
centered on the intermediate temperatures where neither 
model is appropriate. To our knowledge, there are no 
reliable data available in the literature on oxidation 
rates of oil that could be used to establish the proper 
mechanism. 


Experiments conducted in the Gulf Research & De- 
velopment Co. laboratories have furnished a limited 
amount of data on oxidation rates in the range from 
80° to 400°F. It has been found that the oxidation of 
Athabasca tar depends strongly on temperature in 
approximate accordance with the prescription of Ar- 
rhenius; and, it is only slightly dependent on the gas 
velocity. Furthermore, the reaction rate depends on 
the oxygen concentration to an order that lies in the 
range from zero to one; the order appears to be closer 
to one than it is to zero. 


From these considerations, it seems reasonable to 
conclude that the reaction lies in the kinetic region. 
Even though this notion is based on experiments over 
a limited temperature interval, it will be assumed to 
hold over the entire range normally encountered in re- 
verse combustion. 


At this point, it is expedient to think of the reaction 
as taking place at the gas-oil interface which corresponds 
to the internal surface area of the gas-filled pores. In 
general, the reaction rate will depend on this internal 
surface area and the difference in oxygen concentration 
between the surface and the bulk of the pore. However, 
if the reaction is in the kinetic region, it is permissible 
to regard the surface and the bulk concentrations as 
being equal; this is assumed to be the case. 


The relation between the “true reaction rate”, R, and 
the “effective reaction rate”, R’, depends on the struc- 
ture of the porous medium; i.e., 
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where s is the internal surface area of the gas-filled 
pores per unit volume of core. 


The surface-to-volume ratio can be approximately ex- 
pressed in terms of the porosity, permeability and for- 
mation factor by means of the Kozeny-Carman equa- 
tion® or determined by other means.’ 

The true reaction rate will be written, 

In this expression, k is the specific reaction rate; E is 
the activation energy; and n is the order of the reaction. 


For each oil studied, these parameters must be deter- 
mined experimentally. 


When the reaction rate is expressed this way, it is as- 
sumed that the reaction is simple; i.e., it does not de- 
pend on the concentration of the products of combus- 
tion, and it takes place with an excess of fuel, Reverse 
combustion favors these assumptions in the lower tem- 
perature range. At higher temperatures, there probably 
will be a dilution effect, and at extremely high tem- 
peratures (higher than those encountered in practice), 
it is conceivable that all available fuel could be con- 
sumed. To comprehend all these cases in a single de- 
scription would require a more complex source function 
and additional differential equations. Above 1,100°F 
in particular, the temperatures of the gas and the solid 
become appreciably different, and the entire formulation 
must be altered. It is reasonable to question the as- 
sumption that a complex sequence of high-order chem- 
ical reactions, such as those that probably occur during 
in situ combustion of oil, can be represented by an 
over-all order close to unity. The answer is no different 
than it always has been — one is forced to conclude 
that the determining step is genuinely of low order. 


Eqs. 9 and 10 give the final form of the effective re- _ 


action rate. 
The most significant feature of this expression lies in 
its dependence on the absolute temperature. Since there 
is a finite rate of reaction for any temperature above 
absolute zero, there is a possibility that air injection will 
be accompanied by uncontrolled spontaneous ignition if 
the oil is only partially oxidized at reservoir tempera- 
ture. This phenomenon jis calculable by solving Eqs. 
5, 8 and 11 simultaneously; however, this is not within 
the scope of this paper. 


THE QuasI STEADY-STATE APPROXIMATION 

During laboratory experiments that involved reverse 
combustion, it was observed that a steady state with 
respect to a moving coordinate system was attained 
very rapidly over a significant range of the pertinent 
variables. Because of this observation, as well as the 
simplification implied by it, the temperature and con- 
centration distributions in a given case are assumed to 
move through the system with a unique, constant ve- 
locity. This type of behavior is analogous to the move- 
ment of the stabilized front in the Buckley-Leverett the- 
ory of displacement. Since the air is assumed to move 
through the system in the positive direction, reverse 
combustion demands that the velocity of the distribu- 
tions be negative. To avoid confustion, let the absolute 
value of the velocity be v(v = |v|); then, the velocity 
is always given by —v. 
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It is convenient to transform the problem from the 
fixed, laboratory coordinate system, (x,t), to a coordi- 
nate system, (€,7), that moves with a velocity equal to 
— v relative to the core (Fig. 1). The required trans- 
formation is as follows. 


The introduction of the transformation and the quasi 
steady-state assumption, 0/07 — 0, permit the reduction 
of Eqs. 5 and 8 to ordinary differential equations. There- 


fore, the set of equations to be solved is that which 
follows. 


uc, + v[d,c, + (1 — $y) Cm] + 
where the boundary conditions are: 
and 


All the implications of the assumptions required to 
arrive at Eq. 13a through 13d are not stated. The rea- 
son is that these equations represent a sub-set of those 
which describe flame propagation; as such, they have 
been analyzed extensively in the literature. In particu- 
lar, Refs. 8 through 11 are of interest; a detailed sum- 
mary is given in Ref. |. 


Eq. 13a through 13d differ from those commonly as- 
sociated with flame theory in two very significant re- 
spects. First, they are less closely coupled due to the 
presence of a large quantity of inert sand which ab- 
sorbs and conducts heat and makes it impossible to as- 
sume that the effective thermal and mass diffusivities 
are equal. Second, these equations are less general than 
those of flame theory due to the absence of a fuel equa- 
tion. 


STATEMENT OF THE PROBLEM 


The behavior equations and boundary conditions can 
be made dimensionless, and the dependent variables 
can be normalized by introducing the following quanti- 
ties. 


AT 


and E.= EAT/RT,, 
where AT = T, — T, and R= exp 


From the over-all heat balance, 


HC,(u + = | ue Gal bar 


Now, Eqs. 13a through 13d take the form: . 
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do da 
n 1 
= (1 — — E 6 
(16c) 
and 
6=y=0 atco=— ow, 


These equations and boundary conditions form a de- 
terminate set, and solutions can be obtained whenever 
they exist; however, the assumption of an infinite re- 
action region and the use of a heat balance in the form 
of Eq. 15 imply additional conditions that must be met, 
namely, 

de dy _ 0 

ds do 
Fortunately, these conditions are not independent or the 
problem would be indeterminate at once. To examine 
the degree to which the equations are overdetermined 
and put them in a form more suitable for numerical so- 
lution, we integrate Eqs. 16a and 16b from — o to 
o, using the four boundary conditions that apply at the 
lower limit. After eliminating the integral from one of 
the resulting equations, we have 


do do 


If Eq. 17b is transformed according to © = ye’ and 
wv = y’e*’, the resulting equation can be integrated ex- 
actly. In the o-coordinate system, the result is: 
ee) 
It is apparent from Eq. 18 that wy satisfies Eq. 16d 
whenever © and o assume their boundary values; fur- 
thermore, Eqs. 17 and 18 guarantee that d¥/do meets 
the conditions expressed by Eq. 16e. Since O(c) must 
be a monotonically increasing function of o through the 
reaction region, the existence of o = o(@) is implied; 
therefore, = 
A further simplification results from the interchange 
of dependent and independent variables; thus, 


do dy 
A new set of equations may be obtained from Eqs. 17a 
and 17b. 


(19) 


0 
and 
(3) 


Eq. 20a is the only independent equation since Eq. 
20b may obviously be replaced by Eq. 18. The inde- 
pendent equation must satisfy the simple pair of boun- 
dary conditions: 

p= 0,0 = 0 and Ore 


Since Eq. 20a is of the first order, only one of the 
boundary conditions can be satisfied, in general, if H, 3, 
E and T,/T, are fixed; however, by allowing one (and 
only one) of these parameters to vary, a particular so- 
lution that satisfies both boundary conditions can be 
found. The search for this unknown value of the param- 
eter is sometimes called the “eigenvalue problem” of 
flame propagation. 

Before the problem can be solved, some restrictions 
must be imposed on the function describing the reac- 
tion rate, G(©@,W). First, the integrand in Eq. 20a must 
obviously remain bounded over the interval 0 < 0 < 1 
or the boundary conditions cannot possibly be satisfied; 
next, the reaction rate must meet the following require- 
ments at the end-points.° 


G(0,0) = G(1,1) = 0, 


and 

dG (1,1) <0 
de 

The function G(0,), as defined by Eq. 16c, does not 

fulfill the requirements at © = y = 0; therefore, a modi- 

fied reaction rate must be specified. 

The most obvious modification consists of assuming 
that T,/T, = 0 in Eq. 16c. Although, this change gives 
the required type of behavior, it is not satisfactory be- 
cause it distorts the reaction rate too drastically in the 
low-temperature region. Another possibility is to make 
the function discontinuous near 6 = 0 by introducing a 
unit step-function into the definition; e.g., 


0.6 


U(8 — 2)G(O,~) = 


This procedure is satisfactory, but it introduces some 
computational difficulty because of the finite discon- 
tinuity in the value of the integral. This difficulty can 
be minimized by letting « > 0; however, this may not 
suffice if the reaction rate is 0(<) at the initial tempera- 
ture. Also, when «= 0, it is tacitly assumed that the 
reaction zone is finite in length. 


The modification that appears to be most suitable 
simply involves the subtraction of a term equal to the 
initial reaction rate from the expression in Eq. 16c; this 
results in a continuous function of the proper form. 
Let us define the following: 

G’(O,~) = (1 — exp Te 


This approximation is justified because the laboratory 


of this first integral can be used to 
etermine a fundamental property of coupled transfer processes; 
this deduction is discussed in Appendix A, ee 
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**The condition G(1,1) = 0 need not be explicitly imposed be- 
cause it. does not affect the solution in a practical sense. : 
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experiments were conducted with tar sand for which 
the reaction rate at T, was actually very close to zero. 


The final statement of the problem is as follows. 


For fixed values of =, E and T,/T,, find a value of H 
such that the following equations and boundary condi- 
tions are satisfied. 


dp HG’(8, 

dy (8 — 
(23b) 


When a satisfactory solution is obtained, the tempera- 
ture and concentration profiles can be calculated be- 
cause 


1 
_ [ae 
Pp 


The problem is completed by calculating the air flux 
and the velocity determined by the prescribed com- 
bination of ©, E, and T,/T,; this can be done by means 
of the following equations which follow from Eq. 15 
and the definition of H in Eq. 14: 


(24) 


u= ( (“Rear ) (25a) 
R’K’AT\* 
(258) 
Jak 
where a = : 


SOLUTIONS TO THE PROBLEM 


In view of the non-linear nature of the source func- 
tion, a general explicit solution to the problem is 
not possible. Consequently, approximate solutions are 
sought. These approximations to the true solution may 
be based on either mathematical or physical considera- 
tions; both types will be presented. One fundamental 
difference between the two approaches lies in the error 
determinations. Physical simplification can only be jus- 
tified by empirical data or by an exact solution; on the 
other hand, techniques are available for estimating the 
errors associated with mathematical simplifications. An- 
other significant difference between these methods is as- 
sociated with the interpretation of the solutions. In this 
respect, the physical approach is generally superior be- 
cause it gives desired relationships directly without re- 
quiring the accumulation of results followed by induc- 
tion. 

Before describing methods for obtaining the approxi- 
mate solutions, it is necessary-to consider some general 
features of the problem. In particular, the existence, 
uniqueness and stability of the solutions must be ex- 
amined. Since it has been shown that both ¥(0) and 
&(@) can be determined from the solution p = p(@); 
it is sufficient to consider only Eq. 23a; i.e., 


ap 
de Pp 
p= 020 Ovando (23a) 


The behavior of equations of this type has been studied 
by Richardson,’ Zeldovich,’ Zeldovich and Barenblatt” 
and van Heerden.” 
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The previously stated requirements that the reaction 
rate be bounded and that it satisfy the conditions ex- 
pressed by Eq. 21 guarantee the existence of one or 
more solutions to Eq. 23a per Ref. 8 or applying the 
method of Ref. 9. Basically, this can be done by obtain- 
ing asymptotic solutions in the regions near © = 0 and 
© = 1, using these solutions to evaluate the coefficients 
of a truncated, power series expansion and determining 
the unknown parameter by requiring that the Oth mo- 
ment of the original equation vanish over the entire 
interval. 


8,9,13 


It can be shown””'” that two asymptotic solutions ex- 
ist for small positive values of the derivative of the re- 
action rate near 6 = 0; for cases of practical interest, 
we have 
HdG’(0,0) 

de 


Therefore, our problem is in this category. Fortunately, 
an examination of these asymptotic solutions indicates 
that the lower solution actually represents the limit of 
auto-ignition. Physically, it requires that heat be con- 
tinuously supplied by a supplementary ignition device 
of infinitesimal strength ahead of the front; this situa- 
tion directly contradicts our physical model. Conse- 
quently, we need only impose the following constraint 
to assure the existence of a unique solution having the 
desired behavior. 


dp dG’ (0,0) 
do 


This condition will always be met if the value of H 
representing the solution is approached from below.* 

For computational purposes, it is useful to obtain 
both upper and lower bounds on the solutions. Using 
Eqs. 18 and 23 as well as Richardson’s asymptotic ap- 
proximation, we obtain the following limits for = > 1: 


0<0(1-8) <p(e)<e<1 
¥(0)<O<1 


To guarantee that the results obtained are physically 
realizable, it is necessary to show that the solutions are 
stable. Defining stability to be a property of a quasi 
steady-state solution such that a small perturbation of 
the solution attenuates with time, it can be shown that 
all solutions to Eq. 23a are stable when = = 1. This 
is accomplished by decomposing the general transient 


0< O05. 


(27) 


- solution into its characteristic modes and demonstrating 


that the eigenvalues are real and not positive.” The same 
conclusion is reached as a result of a numerical com- 
putation.” 

The effect of © on the stability of the system can 
be illustrated quite easily since Zeldovich* has shown 
that stability is directly proportional to the total enthalpy 
of the system. If the enthalpy, I is expressed relative to 
that for = = 1 (the case in which enthalpy is constant 
for all values of ©) and the inner inequalities expressed 
by Eq. 27 are used, 

It is apparent that increasing & will increase the en- 
thalpy; and, since the solutions are always stable for 


=By using the step-function form for the reaction rate, existence 
and uniqueness are automatically insured because the derivative is 
identically zero at © = 0 if e>0.® This is important in numerical 
computation since the first increment, AO, can always be made so 
small that G’ (A@,0) is zero to any desired number of significant 
figures; then, the step-function argument applies. 
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= = 1, they are always stable for Z > 1. In fact, as one 
would anticipate, maximum stability is achieved when 
= — o; this limit is obtained for D’ > 0. 

Now that it has been shown that stable solutions ex- 
ist and are unique, it is instructive to deduce the phe- 
nomenological limits imposed on the behavior of the 
system when some of the individual parameters are 
varied. Since H is the unknown parameter to be deter- 
mined, it will not be involved in this phase of the dis- 
cussion; and, because E and T,/T, are unequivocal for 
a given case, only the effects of = and n will be con- 
sidered. These parameters are most important because 
they determine the degree of coupling between the mass 
and heat equations; in addition, they are the most con- 
troversial because they are difficult to evaluate experi- 
mentally. 


The limits on = are taken to be unity and infinity; 
these correspond to the cases of gaseous combustion in 
the absence of a porous medium, ¢, > 1, and combus- 
tion in the presence of a highly conductive porous me- 
dium, ¢, — 0. In either case, y can be expressed simply 
and directly as a function of 0, and a relatively simple 
differential equation results. 


29 


At any given value of 0, an increase in & results in an 
increase in the reaction rate; this causes the average 
reaction rate over the system to increase and requires 
that the air flux increase also. The degree of coupling, 
expressed by 1/3, is a measure of the rate-controlling 
role of diffusion; therefore, as = becomes infinite, the 
reaction rate becomes independent of the diffusion pro- 
cess. It should be emphasized, however, that large 
values of & do not make the reaction rate independent 
of concentration except in an explicit sense. 


Coupling through the reaction rate itself is strongly 
dependent on the order of the reaction, n. As n is in- 
creased, the effects produced are the inverse of those 
caused by increasing 3; i.e., the average reaction rate 
decreases and the air flux decreases. For the particular 
case of n=O, coupling disappears completely; this 
case imposes an upper limit on the process variables 
because the maximum reaction rate is achieved at all 
temperatures. 


The limits on the solutions can now be prescribed. 
For a given value of n, the upper limit is obtained as 
= — o and the lower limit as => 1; asn +0, the up- 
per and lower limits converge. 


PHYSICAL APPROXIMATIONS 


In this section, the physical-chemical processes asso- 
ciated with reverse combustion are simplified to such 
an extent that exact solutions to the equations exist. 
These exact solutions to inexact problems are con- 
sidered to be approximations to the true solutions. Two 
different models are discussed; they are labelled the 
constant reaction-rate case and the linear reaction-rate 
case. Both cases are similar to the limit obtained as 
n—> 0 because there is no coupling between the equa- 
tions except through heat balance. 


CONSTANT RATE 


There are a number of approximations to G’ (0,W) 
that will yield a system of equations that has an ex- 
plicit solution of the form 8(E) and ¥(é). In fact, the 
greater part of flame theory is devoted to these artifices. 
Here, a variation on one of the most popular of these, 
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the constant source of finite length, will be developed. 


One version of this model was treated by Daniell,” 
but a more satisfactory treatment was subsequently 
given by Semenov.” Dimensional aspects based on an 
incorrect interpretation of Daniell’s work (with, never- 
theless, correct results) were discussed by Frank-Kame- 
netskii.“ All of these efforts were confined to consider- 
ation of the temperature equation alone; none of them 
made the most meaningful approximation to the rate 
of reaction or obtained an equation for the length of 
the combustion zone without introducing extraneous 
arguments. 

In the constant source approximation, it is assumed 
that the reaction rate is a function of temperature 
alone; i.e., 2 = 0. The reaction rate is assumed to be 
zero until an ignition temperature, ©,, is reached; then, 
the rate remains constant until the maximum tempera- 
ture is approached; at 6 = 1, the rate becomes zero 
again because all the oxygen has been consumed 
(Fig. 2). 

0,0<e<@ 
G’ (@) = G’ = constant, 0, <0 <1 . (30) 

To be solved are Eqs. 16a, 16b and 30; the boundary 

conditions are taken to be 

@=yY=1, c=+.0. 
In addition, the physical requirement that the heat and 
mass fluxes be continuous throughout the system is 


imposed; i.e., 0, eae are continuous functions of oc. 
oO 


The equations, boundary conditions and solutions are 
listed in Appendix B. 

These solutions can be obtained in a simple, straight- 
forward manner; however, the length of the combustion 
zone, o;, must be introduced as a parameter to make 
the set of equations determinate. This artificial length 
also couples © and wy through the heat balance for the 
system. The length of the combustion zone is common 
to both solutions; it is given by 


At least in this context, the group 1/H is meaningful 


STEP FUNCTION 
APPROXIMATION | 


| 
z | 
| 
LINEAR | 
a \7 
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z 
° 
G'(6,y) 
¥ 
a 
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DIMENSIONLESS TEMPERATURE 


Fig. 2—ReActIon-RATE APPROXIMATIONS. 


PETROLEUM TRANSACTIONS, AIME 


since it is the dimensionless length of the combustion 
zone. 


A relationship is also established between the ignition 
temperature, ©,, and the dimensionless group H. 


This is the equation of Semenov;” in the case of flames, 
it relates the velocity of the combustion zone to the 
peak temperature; however, for our purpose, it connects 
u, v and AT. 


To complete the picture, it is necessary that a defini- 
tion for the average reaction rate, G’, be supplied and 
that an equation connecting this average rate to 0, 
be furnished. The functions G’ (0, vy), G’ (6,0) and 
our step-function approximation are sketched in Fig. 
2. Since G’ (©, ¥) is unknown in general, the approxi- 
mation is most conveniently based on G’ (0, 0). In fact, 


G’ will be defined as the maximum reaction rate; i.e., 

Then, ©, will be prescribed in such a manner that the 
total heat generated by a step-function of magnitude 
G’ (1, 0) is equal to the total heat generated according 
to G’ (6, 0) over the range from 0 to 1. 


1 

0 
This integral can be expressed in terms of tabulated 


functions; i.e., 
1 


0 
(E/RAT) exp (E/RT,) (— E/RT,) 


(= | 
where: B(— x) = | 


and > 3:5) (1 "Eq. 34. may 
be replaced by an asymptotic expression. 
1)” (—1)' A +1)! 
E’ 


E 


where m < E/(1 —T,/T,) . 


For most cases of interest, 4 < E < 6 and 3 
< T,/T, < .6; therefore, ©, is almost constant in this 
region; e.g., 0; = .82 + .05. 


Now a complete description of the constant-rate case 
is available. Selecting a value for E, ©; can be deter- 
mined from Eq. 35 and H can be found via Eq. 32. 
Then, the air flux and velocity can be calculated from 
Eqs. 25 and 23b. Thus, for every peak temperature 
in a given system, the corresponding velocity and air 
flux can be evaluated. This is the approximate solution 
that has been sought. 

This model serves the very useful function of fur- 
nishing a simple yet consistent means for obtaining at 
least a qualitative picture of the reverse-combustion 
mechanism. Its principal deficiency lies in the lack of 
coupling between the mass and heat equations. One 
rather remarkable property of this crude model is that 
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it predicts that ©,, the inflection point of the curve 
describing the temperature distribution (see Appendix 
B), should remain almost constant over the ranges 
of the parameters examined experimentally. This pre- 
diction has been confirmed by laboratory data.* It is 
significant that the fictitious ignition temperature, 0,, 
can actually be expressed in terms of the reaction rate 
alone. The fact that the ignition temperature happens 
to coincide with the inflection point in this model can 
easily be given undue importaice, e.g., defining the 
ignition temperature to be the inflection point as postu- 
lated by Gerstein, et al.” In the next model, however, 
it will be shown that the ignition and inflection points 
need not coincide. 


As a final remark, it is interesting to note that the 
combustion-zone length, &;, has a real physical meaning; 


_—it can be calculated from the definitions given by Eq. 14. 


é, J uc, + (1 AT = 
\ RH 
C.(u + 
R’ 
This formula results entirely from the conditions of the 
problem and represents a mass balance over the com- 
bustion zone. The right-hand term is analogous to that 
derived by Semenov” by the introduction of a super- 
fluous physical argument. 


(36) 


~ LINEAR RATE 


In this section, the reaction rate will be made a linear 
function of the temperature; this device permits the 
ignition temperature and the inflection point to differ. 
Again, ©; will be determined so that the area under 
G’ (6, 0) is preserved (Fig. 2). Proceeding as before, 

1 


0 
The approximation is the following: 


Oo 
E 


where < E/(l:= 7,,/T,) 
The reaction rate G’ (©) is 
Oe, 
G’ (0) 


In this case, to be solved are Eqs. 16a, 16b and 39; 
the boundary conditions are 


e=~=0, 
ow 
Furthermore, it is required that 0, | eee 


be continuous functions of o throughout the system, 
i.e., continuity of the heat and mass fluxes is required. 


*Furthermore, if Spalding’s empirically determined “centroid rule’? 
is expressed in our nomenclature, it corresponds to Eq. 32 within 
2 per cent for .75 <0: < .90; the values of H obtained from Eq. 32 
are always less than those given by Spalding’s formula. 
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The equations, boundary conditions and solutions are 
tabulated in Appendix B. 

The length of the combustion zone is given in terms 
of Eq. 38 by the following: 


40 
o; = 1n 6 (40) 


Furthermore, the requirement for the existence of a 
solution that satisfies the boundary conditions serves to 
define H indirectly; the requirement is given below 


Xr (== 

a ( 20, ) 
(41) 


1 6; 

After assigning a value to E, ©, is evaluated by means 
of Eq. 38; Eq. 41 is solved for A and H is determined 
from the definition of A. The solution is completed by 
calculating the air flux and velocity from Eq. 25. 


If 1/(8H*) << 1, some useful results can be ob- 
tained quite simply. In place of Eqs. 40 and 41, we 


have 
(42) 


The inflection point, ©,, can now be determined ap- 
proximately. 


+( H ) exp ( aH )| 


-In this case, the inflection point is a function of H 
for a given value of ©,; however, over the range of 
interest it lies in the interval .75< 0, < .85. This 
agrees with most experimental observations and the 
results from the constant-rate case. 


where A = ( 


It has been shown that the introduction of a linear 
source produces an explicitly soluble theory which 
embodies all the essential features of reverse combus- 
tion, but the dependence of the reaction rate on the 
oxygen concentration can only be included in the 
limiting cases. The ignition temperature is still present; 
however, its values are determined entirely through the 
reaction rate so that no extraneous physical arguments 
are introduced. 


MATHEMATICAL APPROXIMATIONS 


The number of techniques available for obtaining 
approximate mathematical solutions is myriad. The pos- 
sibilities range from simple polynomial representations 
based on asymptotics’ through variational procedures” 
to numerical methods that require high-speed com- 
puters.” Each approach has distinct advantages and 
disadvantages so that no “best” method can be pre- 
scribed; e.g., the most direct solutions are the least 
exact. 


Only two methods will be discussed here, although 
others have been tested. The first is a variational tech- 
nique based on Rosen’s work;” it is systematic and 
extremely fast, but it suffers from a lack of accuracy 
due to the difficulty in describing the temperature dis- 
tribution by a single-parameter curve. The second ap- 
proach, based on finite difference approximations, solves 
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the equations numerically on a digital computer. It 
can give solutions that are as accurate as desired; how- 
ever, these solutions are not obtained very efficiently 
since convergence is generally poor. 


VARIATIONAL METHOD 


In this instance, we choose to approximate the tem- 
perature distribution by a single-parameter function. A 
reasonable way to do this is to express the distribution 
in terms of the exact solution that is obtained when 
heat generation is negligible. Then, the parameter can be 
considered to be a measure of the heat generation; e.g., 


Putting this expansion in its closed form and adding 
boundary conditions, we have 


e 
(a) 


where O< y<l. 


This approximation satisfies the boundary conditions of 
the problem; however, it also introduces a discontinuity 
in the first derivative at o = — In (1 — y). Further- 
more, the temperature curve described by Eq. 45 can- 
not have an inflection point within the imposed limits. 


Following a procedure analogous to that of Rosen,” 
the problem can be solved indirectly without actually 
solving the differential equations. This is accomplished 
by invoking the principle of least action and demanding 
that the variation of a properly defined functional, with 
respect to y, go to zero. Details of the derivation are 
presented in Appendix.C. Due to an error in Rosen’s 
derivation, this general result does not agree with his; 
however, for those trivial cases in which w can be 
expressed a priori as a function of © alone, the results 
are identical. The solution obtained is the following: 


41 — ye + 
1 


where I (y.) = | G’[6, (6, y-)] dO, 


J 
0 


H= (46) 


00 n 


| [¥ (9, y-)] dO 


and 


1 


do. 


0 


The value of y that satisfies the following equation is 
defined to be y.. 


(1-3) 4) 


| 
For trivial cases, such as n = 0 or = = 1, in which 
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y is a known tunction ot ©, both M and I are inde- 
pendent of y; consequently, a simpler result is obtained. 
_ 1—2M+2(1 —M + M’)* 
H= ) (48) 


For these cases, I and the first integral in the defini- 
tion of M can be expresed in terms of tabulated func- 
tions; then, only simple numerical quadrature is required 
to obtain M and to permit H to be calculated. 

This method is valuable because of its speed, even 
though it is not too accurate. It is useful for obtaining 

a starting point for more refined procedures. 


NUMERICAL METHODS 


No completely satisfactory general method for deal- 
ing with equations of this type appears to exist. This is 
due to the fact that a double iteration procedure is an 
inherent characteristic of the numerical solution; as a 
consequence, it requires a considerable volume of com- 
putation. Although several numerical schemes have been 


used successfully, they are all based on the same prin- 


ciples. Therefore, only one particular method will be 
discussed for illustrative purposes. 

Let us consider Eqs. 23a and 23b; in the region near 
© = 0, it is apparent that p ~ 0; and, as a consequence, 


y = aO* where a is an arbitrary constant. These rela- 


tionships give us a means of starting the solution. Now, 
if Eqs. 23a and 23b are integrated from 0 to ©, we have 


8 


0 


Since it is a necessary condition that H be ap- 
proached from below, G’ (©, ¥) should assume its max- 
imum value initially; accordingly, we assume a first 
approximation for ¥ that maximizes the source function; 
i.e., let a = 1 so that y = O*, the previously established 
lower limit. With y approximated in this manner, we 
must deal with Eq. 50a; however, to insure physically 
meaningful solutions, two additional conditions are 


d 
imposed; namely, p > 0, and a may change sign only 


once. These restrictions demand that the temperature be 
a monotonic function of position over the combustion 
region. 

Based on extrapolation from other solutions or esti- 
mates from simpler models, an H smaller than the 
required value is assumed (see Fig. 3). As the solution 
begins, p varies directly with 6 until G’ (©,) becomes 
finite; beyond this place it continues to increase, but at a 
decreasing rate, until the inflection point p = G’ (9, w) 
is reached (designated by Point A in Fig. 3). Then, 
p decreases until it is again equal to G’ (6, y) at Point 
B. The solution cannot go past this point because an- 
other sign change is not permitted. H is now increased 
by a predetermined amount, and the procedure is re- 
peated; in this case, H is too large so p becomes nega- 
tive and the solution must be stopped. Finally, a value 
for H is found so that the area between the p curve 
and the G’ curve from 0 to A is equal to the area 
from A to B, and B occurs at 6 = 1. This represents 
the first approximation to H. 
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Fic. 3—MetuHop or SOLuTION. 


Using the p — © relationship obtained, Eq. 50b is 
solved to get a better representation of the concentra- 
tion distribution. Since increasing H necessarily de- 
creases p, each new value of yw will be larger than the 
initial value; therefore, the new G’ (0,7) lies below 
the one used to obtain the first approximation and H 
must be increased again. This process continues until a 
second approximation to H is determined. Then, y is 
re-computed and the entire cycle repeated. It may be 
noted that both H and yw increase as the order of the 
approximation increases. 

The outside loop is stopped when two successive H — 
values agree to a specified number of significant figures. 
This double iteration procedure results in an asymptotic 
type of convergence. Since H is approached from 
below in this manner, the final answer is actually a 
lower limit. 

It is obvious that the two iterations, on H and y, can 
be carried on simultaneously with the differential forms 
given by Eq. 23. This is done by making an initial- 
value problem out of the determination of y; then, 
both a and H are found by iteration with a modified 
Runge-Kutta method.” 

Any method for solving the general equations numer- 
ically is relatively slow because of the type of con- 
vergence; however, solutions can be obtained to any 
reasonable degree of accuracy. Using the IBM 704, the 
non-trivial cases require about 30 minutes to obtain 
answers that permit the flux and velocity to be deter- 
mined with a maximum error of 5 per cent. The trivial 
cases, n = 0 and = = 1, require less than five minutes 
for the same accuracy. 

A discussion of the errors and the convergence is 
presented in Appendix D. 


RESULTS 


The results obtained can be expressed most compactly 
in terms of the four dimensionless groups that were 
previously developed—H, E, © and T7,/T,. H is the 
product of the ratio of the maximum rate of heat gen- 
eration to the convective flux and the ratio of the con- 
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ductive flux to the convective flux; = represents the ratio 
of conductive flux to the heat equivalent of the flux 
due to diffusion; E is the ratio of the maximum rate of 
heat generation to the average rate; and, T,/T, is simply 
the ratio of the initial and peak temperature states. 

In Fig. 4, the behavior of the two physical models is 
demonstrated; H is given as a function of E and T,/T, 
over the region of interest. Since these models assume 
that the reaction rate is not dependent on oxygen con- 
centration, the solutions are independent of #. 

Fig. 5 serves to illustrate the effect of the order of 
the reaction; it also permits the results from the varia- 
tional method to be compared with those obtained by a 
direct numerical technique (in this case, the integral 
forms of the equations were solved). The importance 
of determining n as accurately as possible is emphasized 
by this exhibit. 

The influence of & on the behavior of the numerical 
solutions is shown by Fig. 6; the two limiting curves, 
= = 1 and & = o, actually reflect the transition from 
classical flame theory to combustion in a porous 
medium. 

Fig. 7 presents a complete set of general results for 
the region of interest; these are obtained from the 
differential forms of the behavior equations. Together 
with the properties of the system and the operating 
conditions, these curves can be used to predict the 
performance of a combustion test in a linear system 
under almost adiabatic conditions. 

The dimensionless temperature and concentration dis- 
tributions obtained by digital computation are indicated 
in Fig. 8; these profiles appear to be almost completely 
independent of the peak temperature and, thus, reflect 
only changes in &. The reference point is taken to be 

= .98 because the integral used to evaluate o is 
poorly behaved for .98 < © < 1.00; this device also 
makes correlation with experimental data simpler be- 
cause it is not necessary to match a value that is 
approached asymptotically; i.e, © = 1. The length of 
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the combustion zone, defined to be the distance from 
© = .98 to 6 = .02, falls within the range 1.5 <0; < 
2.5 for all the cases studied; the inflection point is in 
the interval .64 < ©, < .70. 

Fig. 9 is a re-plot of the data from Fig. 6 after it 
has been expressed in terms of the flux and velocity 
for the experimental conditions. The experimental con- 
ditions are those for the Athabasca runs listed in Table 
2 in another paper.” Average thermal properties over 
the temperature range were determined for each of 
five runs; then, these values were plotted as a function 
of the peak temperature, and a smooth curve was 
drawn through the points. These smoothed data were 
used for computational purposes. Experiments on the 
oxidation properties of Athabasca oil gave a value of 
11,000 (°R) for E/R; the specific reaction rate in a 
porous medium was estimated from experiments to one 
significant figure for n = 1; Le., 
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7—y—F The effective diffusion coefficients were calculated from 
/ i ve He data given by Jost * and the assumption that D/D’ = 
1/¢,"*, for the conditions investigated, = was found 
to vary from 41.7 to 51.0. 
/ A comparison of the calculated peak-temperature 
Vinay; Vis ; / flux relationships with the experimental data is presented 
"4 je if B in Fig. 10 for the Athabasca runs. The agreement is 
15 le oe ¢ i quite satisfactory for the numerical solutions. The con- 
5s Re is stant-rate case gives an upper limit that is not com- 
a 7 vie pletely unrealistic. Despite the fact that the thermal 
oe ay |O7 7 properties were smoothed in a very crude manner for 
4 © computational purposes, with no regard to porosity or 
J ey. AS / saturation differences, the agreement of theory with 
TEE ay experiment has not been seriously affected. 
In Fig. 11, the calculated and experimental velocities 
given as a function of the flux. In the following 
manner, v and u are parametrically related. 
7 
a 
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pared with the numerically calculated profiles in Fig. 12 
after matching at 6 = .98. Again, the agreement is rea- 
sonably good. For Run F-S5, the deviation from experi- 
mental data is believed to be a consequence of exceed- 
ing the design limits of the experimental equipment. 


CONCLUSIONS AND COMMENTS 


From this theoretical study of reverse combustion, 
the following general conclusions may be drawn. 

1. The process can be mechanistically described by 
simple physical models whose behavior equations can 
be solved formally. 

2. The general equations which were derived to de- 
scribe reverse combustion can be solved numerically, 
within the error limits for the experimental data, by 
variational or finite-difference methods. 

3. The theoretically predicted peak temperature-flux- 
velocity relationship and temperature distributions agree 
reasonably well with experimental data obtained from 
Athabasca tar sand. 


A practical evaluation of reverse combustion requires 
that the recovery efficiency, the rate of oil production 
and the injected air-produced oil ratio (AOR) be 
known. To obtain these quantities for a given system, 
pressure and peak temperature, the air flux and velocity 
as well as the fuel required per unit volume burned 
(w) and the residual coke formed per burned volume, 
(w*) must be determined. Since the required fuel can 
be calculated from the flux and velocity only if the 
stoichiometric ratio (v) is known, it is obvious that the 
present theory is incomplete in the sense that it demands 
that w* and v be obtained experimentally.* Conse- 
quently, the principal contribution of this work lies in 
its usefulness as a starting point for developing a more 
comprehensive theory. 


The path that must be followed in extending the 
theory is clearly marked. First, both theoretical and 
experimental efforts must be directed toward adequately 
describing the oxidation reaction rate and the vaporiza- 
tion-coking mechanism in terms of temperature, pres- 
sure and concentration; this will permit the addition 


*This theory is also incomplete because, due to the assumption of 
a linear system, there is no logical, explicit means of considering 
heat loss. It is possible to include heat loss artificially;12 however, 
such artifices generally introduce an additional parameter that is 
not physically determinate and that restricts the solutions in the 
neighborhood of 0 = 0. 


120 


of a pressure equation which will essentially complete 
the formulation of the physical-chemical behavior of the 
process, Beyond this point, an extension to two dimen- 
sions must be achieved to consider pattern effects; and, 
finally, a generalization to three dimensions must be 
accomplished to include heat loss. 


NOMENCLATURE** 


AOR = injected air-produced oil ratio, scf/bbl 
C = oxygen concentrations, mols O,/(ft’ gas) 
D = molecular diffusion coefficient, ft*/hr 
D’ = effective diffusion coefficient, ft’ gas/hr (ft 
core) 

= = dimensionless group, K’AT/D’C.H 
E = activation energy, Btu/mol 
E = dimensionless group, EAT/RT,° 
F = formation factor, dimensionless 

G(0,W) = relative reaction rate, dimensionless 

G’(0,u) = effective reaction rate, dimensionless 
H = heat of reaction, Btu/mol 0, 


H = dimensionless group, R’K’AT/HC,’ (u + 
K’ = effective thermal conductivity, Btu/hr (ft 
core) °F 


P = pressure, psia 
Q = rate of heat generation, Btu/hr (ft* core) 
R = universal gas constant, Btu/(mol)°R 
R(C,T) = true reaction rate, mols 0, reacted/hr (ft 
reaction surface) 
R’(C,T) = effective reaction rate, mols 0, reacted/hr 
(ft? core) 
R’ = maximum effective reaction rate, mols 0, 
reacted/hr (ft’ core) 
S, = gas saturation, dimensionless 


**Gas volumes refer to operating conditions. 
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T = absolute temperature, °R 

T = maximum temperature increase, 7, — 7, 
£R. or °F 

= heat capacity of gas, Btu/(ft® gas)°F 

= heat capacity of oil-sand matrix, Btu/(ft 
oil-sand matrix) °F 

hy = heat content per unit volume, Btu/(ft® core) 

k = specific reaction rate, mols 0, reacting /hr 

mols 0, \ ” 
ft" gas ) 
n = order of reaction, dimensionless 


LS 


reaction surface ( 


: 
dimensionless temperature gradient 


dc = oxygen flux, mols 0./hr (ft° core) 
qv = heat flux, Btu/hr (ft° core) 
s = surface to volume ratio, (ft reaction sur- 
face) /(ft* core) 
t = time in fixed coordinate systems, hours 
u = air flux, (ft* gas) /hr (ft? core) 
v = velocity of the combustion zone, (ft 


core) /hr 
w = fuel consumption, lb of fuel/(ft’ core) 
w* = residual coke, lb of coke/(ft* core) 
x = fixed space coordinate, (ft core) 
= dimension] 
a imensionless group, 


y = characterization parameter, dimensionless 
¢é = infinitesimal, dimensionless 
© = dimensionless temperature, (T — T,)/AT 
v = effective stoichiometric ratio, mols 0./lb of 
fuel 
€ = space coordinate in moving coordinate sys- 
FEE tem, x + vt, (ft core) 


p. = density of oil, lb/ft’ 


o = dimensionless space coordinate 
7 = time in moving coordinate system, hours 
= porosity, dimensionless 
Ww = dimensionless oxygen concentration, (C, — 
C)/C, 
SUBSCRIPTS 
c = inflection 
g = gas 
i = ignition 
m = matrix 
o = original 
p = peak 
SUPERSCRIPT 


’ = effective value 
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APPENDIX A 
THE FIRST INTEGRAL 


In the quasi steady-state, the assumption that the 
heat generated is proportional to the oxygen reacted 
gives the system a special property. A fundamental 
characteristic of transfer processes that are coupled 
by a reaction-rate function can be deduced from this 
particular case. 

Returning to the continuity equations (Eqs. 1 and 
6) and the definition of the source function (Eq. 4), 
we see that the elimination of R’ yields 


Ox ot Ox ot 
If the equation is transformed according to Eq. 12 and 
a quasi steady-state condition is assumed to exist, 


+ vh,) -- H (do + 
Integration gives 

(qv + vhy) + + vhe) = constant. 
Consequently, it is always possible to obtain a first in- 
tegral for the system with any arbitrary reaction-rate 


function. This integral tells us the following. Under 


~ quasi steady-state conditions, the sum of the fluxes of 


thermal and chemical potential energies is constant 
throughout the system. 

For the case of equal thermal and mass diffusivities, 
this result can be sharpened to state that the sum of 
the thermal and chemical potential energies is constant, 
e.g., Semenov,” originally postulated by Lewis.” . 


9 
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APPENDIX B 
CONSTANT RATE 


The equations to be solved are the following: 


do “do 
ds do 
(B1) 


where 0; = 0,andG’(0,) =0; 
6; = 0,andG’(6.) = 1; 

= @,andG’(0,) =0; (O<a<o). 

The conditions to be satisfied are as follows. 

00, 
Jo 
00, 00, Of, OY 
oo do oo” 


II 


— C= — OO. 


00. 00, OWs 

0, = = and — = — —— = —— 

Cor 

0, = = 1 and 

(B2) 


The solutions: 
©, = H[1 — exp (— 1/H)]exp (o + 1/H);: 
= (H/2)[1 — exp (— 2/H)] 
exp (Zo + 
0. = H[1 — exp o] + Ho + 1; 
= (H/2)[1 — exp (— + Ho + 1 


LINEAR RATE 


The equations to be solved are those listed in the 
preceding section (Eq. B1). However, for this case we 
have 

0; = 0,and G’(0,) = 0; (= 300 Sie 
= 0,and = ( 
6; = 0, and G’(0,) = 0; 
The conditions to be satisfied are given by Eq. B2. The 
solutions are the following. 
0, = exp (o + 
= exp [E(o + 
= {1 + (2/d) exp [4 (ce + a;)] 
sin (A/2)(o + a;)}; 
+ (2/o) exp [(B/2)(o + 
sin [(w3/2)(o + o;)]} 


<a <0) 


6, = 1; 
= 
where A = 
and (1 + wo) exp 


APPENDIX C 


If Eqs. 16a, 18 and 45 are properly transformed 
and the integral of the reaction-rate function is normal- 
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ized over the range 0 < © < 1, the resulting equations 
are similar to those studied by Rosen;” his procedure 
will be followed in principle. 


Zz 
(C1) 
where Z = e’, 
1 
I(y) 
H’ = HI(y) 
1 
(€2) 
0 
7¥(0,Z) = BO+E (1-2)Z (C3) 
Z 
0< 


Since Z can be ncaa as a function of © and y from 
Eq. C4, ¥(0,y) can be obtained from the integral equa- 
tion (Eq. C3). 

Let us now define a functional for the class of con- 
tinuously differentiable functions that satisfy the boun- 
dary conditions specified. 


oO 
The lower limit of the denominator is chosen to guar- 
antee its existence. We now demand that the variation 
of the functional be zero; i.e., 


30 


dZ* 
= =0 ..- (€6) 
Z 
= | 
oO 


Thus, Eq. C6 demands that © satisfy Eq. Cl over the 
region. If the eigenvalue is unique, 


Investigation of Eq. CS indicates that the stationary 
value will be a minimum;” therefore, the problem (as 
posed) reduces itself to finding a value for y that 
minimizes the functional defined by Eq. CS. 


Substituting the expression for 6(Z) from Eq. C4 
into Eq. CS gives the following. 


+ yZ) “az 


1 


dn| J(@)de 
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| 
= 1; 
1 
| 
| 
i) 
| 
1+ yZ 1 


Due to the normality of the integral of J (6) and the 
do 
assumption that aa 0 for Z > 1/(1 — y), a partial 


evaluation of the above integral can be performed. 


= 7 + 
ice) 1/n 
where M(y) = | dn | 1@)4o . 


Differentiating Eq. C9, we find that a minimum occurs 
when the following condition given is met. 


(1 mn =(1-7+ 4) 


(C10) 


By virtue of the action principle (Eqs. C6 and C7), Eq. 
C10 may be substituted in Eq. C9 to give the following. 


H’ = (CLL 
where y, is the value that satisfies Eq. C10. 
For those particular cases when M is independent 


of y y= . . . (C12) 


W = — M + M*)“) .. (C13) 


Identical results can be obtained by a non-energy ap- 
proach if the method of Galerkin is employed.” 


APPENDIX D 


Since the computational results are to be used to cal- 
culate the air flux and the velocity and since these quan- 
tities depend on 1/H”%, Eqs. (25a and 25b), the discus- 
sion of errors and convergence will be based on the re- 
ciprocal square root of H rather than on H itself. To sat- 
isfy a material balance over the combustion region, we 
must have p = 0 at © = 1; if this condition is met, y au- 
tomatically equals one at that point. In the vicinity of 

= 1, however, Eq. 23a becomes “stiff” and requires 
careful treatment;* e.g., AO < p. Obviously, if this in- 
equality is maintained, AO— 0 faster than p—0 so 
that solution will be obtained; as a consequence, the 
condition is relaxed slightly to 0 < p << at © = 1 and 
the p-curve is permitted to cross the G’ curve in the 
interval 1 — AG < © < 1. Although the over-all ma- 
terial balance is always satisfied, this modified condition 
means that the fractional oxygen consumption is al- 
ways less than 1 — e. Due to the nature of the experi- 
mental data with which the solution is to be used, e< 
.02 for all cases is sufficiently accurate. 
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For the case of = = 1, we nave y = © and only one 
equation need be solved, Using a fourth-order Runge- 
Kutta method, the temperature equation (Eq. 23a) is 
solved with a fixed step size; then, the step size is cut in 
half and another solution is obtained. The truncation 
error is estimated from the following.” 
p;(A8/2) — p;(A8) 

where r is the order of the approximation used (r = 4, 
in this case). 

With successive step sizes of .001, .0005 and .00025, 
the estimated truncation error for AO = .001 is 3.5 X 
10°. Solving the equation with « = .01, we obtain p = 
0057 + 3.5 X 10° at © = 1 for a step size of .001, 
when 1/H” is representative of the worst values likely 


Dj = p;(A@/2) + 


to be encountered; we conclude that the step size em- 


ployed (.001) is satisfactory for our purposes when 
the fourth-order Runge-Kutta routine is used. Use of 
either the Adams-Moulton predictor-corrector method 
or the predictor method alone yields similar estimates 
for the truncation error, 


A serious effort to control round-off errors as closely 
as possible is necessary because of the “stiff” behavior 
of the equation near 6 = 1. Numerical experimentation 
indicates that the round-off error associated with a .001 
step is of the same order as the truncation error. 


To test the convergence of the method, Eqs. 23a 
and 23b are solved simultaneously for = = 1, AO = 
.001 and « = .01. The solutions are found to converge 
to the solutions obtained with only Eq. 23a and ¥ = ©. 
Agreement to any desired number of significant figures 
could be obtained; however, computer time becomes 
excessive when agreement beyond three figures is sought. 

The behavior of the solution in the immediate neigh- 
borhood of © = 1 is such that the following approxi- 
mation may be made. 


dp dG’ (1,1) 

This means that a change in 1/H” will produce a larger 
change in p; consequently, the error in 1/H” will al- 
ways be greater than the error in p when p < e atO = 
1, The over-all error, then, is dominated by the error in 
1/H%. If we require that the iterative process stop when 
a change of one in the second significant figures causes 
p<0O at 6 <1, the maximum possible error is 10 
per cent. Since we know both an upper limit and a 
lower limit to two significant figures, we have an answer 
that is within + 5 per cent of the correct value. This 
will be taken to be the error limit for all cases; it also 
applies to the determination of the flux and the ve- 
locity. 

In solving the trivial cases, n = 0 and & = 1, ap- 
proximately 10 iterations are required for each signi- 
ficant figure. For the non-trivial cases, about 20 itera- 
tions per significant figure are needed. took 
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A Theoretical Analysis of Heat Flow in Reverse Combustion 
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ABSTRACT 


Reverse combustion is one thermal method of recoy- 
ering hydrocarbons from porous underground forma- 
tions containing oil or tar, In applying this method, air 
is introduced via an injection well and the mixture of 
air and hydrocarbons is ignited in the production well. 
A combustion zone then recedes toward the injection 
well, counter-current to the air flow. If the combustion- 
zone temperature is sufficiently high, the oil or tar in 
place is distilled and cracked. The hydrocarbon flows 
as a vapor to the production well and subsequently is 
condensed at the surface. 


Maximum temperature and velocity of movement are 
the two dependent variables defining the progress of 
the combustion zone. A theoretical analysis has been 
made of heat flow in the reverse-combustion process as- 
suming linear flow in a homogeneous system. The dif- 
ferential equations, which include the oxygen-hydrocar- 
bon reaction rate, have been solved numerically. Results 
indicate that the maximum temperature reached and 
the combustion-zone velocity both increase with an in- 
crease in air-injection rate. Heat loss to surroundings 
has little effect on the maximum combustion-zone tem- 
perature achieved, but it is reflected in a reduced com- 
bustion-zone velocity. It is also predicted that an in- 
crease in the oxygen-hydrocarbon reaction rate results 
in a reduction in the maximum temperature reached. 
The calculated results are in agreement with results 
from reverse-combustion experiments using samples of 
a tar sand. 


INTRODUCTION 


Reverse combustion is one thermal method of recov- 
ering hydrocarbons: from porous underground forma- 
tions containing oil or tar.’ In applying this method, air 
is introduced into the underground formation via an in- 
jection well. In one or more adjacent production wells, 
the mixture of air and hydrocarbons is ignited at the 
sand face. The combustion zone thus formed recedes 
toward the injection well, counter-current to the air 
flow (Fig. 1). 

Under certain conditions, the rate of recession of 
the combustion zone is sufficiently rapid that only a 
small fraction of the hydrocarbon at any point in the 
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formation is consumed by combustion. If the combus- 
tion-zone temperature is sufficiently high, the uncon- 
sumed oil or tar in place may be partially distilled or 
cracked. This material then can flow as a vapor with 
the gaseous combustion products to the production well 
and subsequently be condensed at the surface. Under 
other conditions, the combustion-zone temperature may 
be so low that little, if any, of the hydrocarbon is va- 
porized. Nevertheless, the viscosity of the hydrocarbon 
may be reduced enough so that other recovery methods 
subsequently can be applied to produce oil at attractive 
rates. 


The maximum temperature achieved in the combus- 
tion zone and the velocity of movement are the two de- 
pendent variables defining the progress of the combus- 
tion zone. Presumably, knowledge of these factors will 
permit estimates to be made of oil recovery efficiency, 
oil and gas production rates and average amount of 
injection air required per barrel of oil recovered. 

The maximum temperature and combustion-zone ve- 
locity are, in turn, expected to be dependent upon air 
flow rate, heat losses to surrounding formations, phys- 
ical properties of the rock and the hydrocarbon, the 
extent to which the porous formation is saturated with 
the hydrocarbon, the rate of oxidation of the hydrocar- 
bon and the amount of heat released. It is desirable 
that the relative importance of each of these factors be 
understood so that the results of laboratory tests of 
oil recovery by reverse combustion can be properly in- 
terpreted in terms of expected field performance. It is 
particularly desirable to assess the importance of heat 
losses because these are difficult to control or eliminate 


INJECTION PRODUCTION 
WELL WELL 


HEATED SAND 
COMBUSTION AND HYDROCARBON 


ZONE 


OF RESERVOIR aw 


) 


Fic. 1—Iitustration or Reverse-Compustion Process. 
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in laboratory tests. On the other hand, heat losses from 
the vicinity of the combustion zone will be relatively 
small under field conditions. 


The purpose of this paper is to present the results 
of a theoretical analysis of heat flow in the reverse- 
combustion process. Linear flow in a homogeneous sys- 
tem has been assumed and the differential equations, 
which include the oxygen-hydrocarbon reaction rate, 
have been solved numerically. A comparison has also 
been made with results of reverse-combustion tests using 
samples of a tar sand to indicate the degree to which 
the theory represents actuality. 


THEORY 


The following mechanism is visualized for reverse 
combustion in a linear, homogeneous system. When 
steady-state conditions are achieved, the combustion 
zone recedes at constant velocity toward the air supply. 
The zone moves because heat is conducted through the 
rock toward the incoming air (Fig. 2). This figure 
shows how the temperature and the oxygen content of 
the gas vary with position at one particular time. It also 
identifies several regions of the combustion zone* re- 
ferred to later. 


Consider what happens with time at a particular point 
in the system. For a period of time, there is no notice- 
able change in temperature as the oxygen-containing 
gases sweep past. This is true because negligible heat 
generation occurs due to oxidation at the reservoir tem- 
perature and because heat conduction from the distant 
combustion zone is negligible. Eventually, as this zone 
approaches the point, the temperature begins to rise. 
This rise first is due almost entirely to the conduction 
of heat from the higher-temperature regions of the ap- 
proaching combustion zone. As the temperature rises, 
the rate of oxidation of the hydrocarbon at the point 
begins to increase. It continues to do so at an increas- 
ing rate because the accompanying liberation of heat 
further raises the temperature. 


However, the temperature does not increase without _ 


limit because oxygen ultimately disappears at the point. 
By conduction, some of the heat liberated at the point is 
carried forward to the cool part of the system, permit- 
ting combustion to take place at an even more advanced 
position. Some oxygen is consumed by reaction at this 
advanced position, leaving less available for reaction at 
the original point. Eventually, all of the oxygen in the 
incoming gas is reacted at advanced positions, and none 


*The “combustion zone” refers to that part of the system com- 
prising both the ‘‘conduction zone’ and the “reaction zone’’. 


COMBUSTION ZONE TRAVELING 
THIS DIRECTION 


REACTION 
AIR ZONE 


COLD CONDUCTION HOT IAPORS 
ZONE ZONE ZONE 

(ORIGINAL RESERVOIR 
CONDITIONS) 


HEATED SAND AND 
HYDROCARBON 


(OXYGEN CONCENTRATION) 


TEMPERATURE 


OXYGEN CONCENTRATION 


POSITION 


Fic. 2—Deratts or CoMBUSTION ZONE. 


VOL. 219, 1960 


is left to generate heat at the original point. The tem- 
perature of the original point ceases to rise and may 
even slowly decline because of heat losses to surround- 
ing strata. Because the oxygen supply is limited, much 
of the hydrocarbon in the high temperature zone is not 
oxidized. 


In this manner, the combustion zone continually 
moves toward, and seeks, the oxygen supply. 


This mechanism has been used as a basis for the de- 
rivation of differential equations for temperature and 
oxygen concentration as functions of position in reverse 
combustion. The mathematical derivations leading to 
the final equations used are presented in detail in the 
Appendix. It is shown in the Appendix that the tempera- 
ture distribution during a reverse-combustion operation 
is described by the following differential equation. 


Se 
dy" K K (7) K 


The concentration of oxygen present at any point is 
given by the following differential equation. 


dn by 


These differential equations are obtained by making 
heat and material balances on an element of the sys- 
tem. The heat balance accounts for (1) heat conduction 
through the solid, (2) heat loss to the surroundings, 
(3) heat convection resulting from gas flow and (4) ~ 
reaction rate in the element as a function of tempera- 
ture. The material balance accounts for (1) injection 
of oxygen-containing gas and (2) reaction in the ele- 
ment. 

These equations are also based upon the following 
conditions and assumptions. 

1. The system is linear, and temperature varies only 
in the direction of air flow (one-dimensional system). 

2. The shape of the temperature profile is unchanged 
with respect to an observer moving at the combustion- 
zone velocity, and the velocity of the combustion zone 
constant (‘‘steady-state” conditions). 

3. Heat conduction through the gas in the direction 
of air flow is negligible. 

4. The rock, the hydrocarbon and the flowing gases 
are all at the same temperature at any point in the sys- 
tem at any particular time. 

5. All properties (density, heat capacity, porosity and 
thermal conductivity) of the materials in the system 
are constant and heat content is directly proportional 
to temperature. 

6. The mass rate of flow of gas (incoming air or out- 
going flue gas) does not change from one point to the 
next within the system at any time. This neglects any 
change in mass rate due to combustion or vaporization. 

7. The supply of fuel at any position in the system 
is unlimited in comparison with the oxygen supply. 

8. Heat losses to the surroundings (or heat input) at 
any point are proportional to the difference between 
system temperature and temperature of the surround- 
ings at that point. 

9. The rate at which heat is generated at a point is 
directly proportional to the rate at which oxygen is 
consumed at the particular temperature existing at that 
point. 
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PROCEDURE 


CHOICE OF PARAMETERS FOR CALCULATIONS 


All calculations were made using average values of 
the system’s properties and operating variables which 
apply to experimental tests of reverse combustion in 
samples of a tar sand. Use of these values permits a 
direct comparison between theoretical predictions and 
experiments. Numerical values of all pertinent system 
properties are given in Table 1. 

The value used for gas porosity was the average of 
determinations made prior to reverse-combustion tests 
on: several different combustion cells packed with tar 
sand. In the calculations, density and heat capacity of 
the solid enter only as the product, €,C,. The value used 
for this product was the average value determined by 
heat balance for several reverse-combustion experiments 
using the tar sand. The value used is not equal to the 
actual product of density and heat capacity of the tar 
sand but, instead, is an average heat content per degree 
per unit volume, taking into account the latent heats of 
both oil and water vapors. Thermal conductivity was 
determined experimentally. 

The reaction rate was assumed to be of the following 
form, independent of oxygen concentration. 


B 

Limited reaction-rate data available showed a tempera- 
ture dependence not inconsistent with this form. Not 
enough information was available to determine with 
confidence the exact order of the reaction with respect 
to oxygen concentration. An order of zero was assumed 
for convenience in the calculations. Subsequent experi- 
ments have indicated the actual order of the reaction 
with respect to oxygen concentration to be between 
zero and one. 


Reaction-rate data were available only over a small 
temperature range and an extrapolation to normally ob- 
served combustion-zone temperature was needed. There- 
fore, Eqs. 1 and 2 were solved using several different 
values for the constants A and B to determine which 
reaction-rate curve predicted maximum combustion- 
zone temperatures most nearly in agreement with re- 
sults of experimental reverse-combustion tests. In each 
trial, however, the values of A and B were chosen so 
that the resulting reaction-rate curve was not inconsis- 
tent with the available data on low-temperature oxida- 
tion. Values of A = 2 million lb 0, reacted/hr (cu ft 
gas space) and B = 12,550°R gave calculated values of 
maximum combustion-zone temperature vs air-injection 
rate which were in good agreement with experiments. 
Except for one set of calculations made to determine 


G(T) 


TABLE 1 — VALUES OF PARAMETERS USED IN CALCULATIONS 


Symbol Quantity Units Numerical Value 
A Reaction-Rate Coefficient 2,000,000 
hr (cu ft gas space) 
B Reaction-Rate Exponent °R 12,550 
K Thermal Conductivity, Gross Sa 0.85 
r 
Mo _—_ Original O2 Concentration in mol fraction 0.21 
Injection Gas 
Te External Temperature °F 80 
Ti Temperature at y = 0 °F 90 
To Original System Temperature °F 80 
Gas Phase Density 0.0769 
cu 
§sCs Equivalent Heat Capacity of Btu 40.4 
Solid, Bulk 0. 
dy Gas Porosity 0.15 
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the effect of reaction rate, the above values of A and 
B were used for all of the calculations reported. 


CALCULATIONS 

Eqs. 1 and 2 were solved on an IBM 650 computer 
using Milne’s second method.’ The starting values 
needed for solving the equations numerically were ob- 
tained from the analytical solution of Eq. 1 for the 
condition of no heat generation at the initial system 
temperature (see Appendix). The accuracy of the nu- 
merical-integration technique was checked by compar- 
ing the numerical and the analytical solutions (see Ap- 
pendix) of Eq. 1 for zero heat generation and zero heat 
loss. 

To permit determination of the effect of heat loss 
on results of a reverse-combustion operation, calcula- 
tions were made with parameters of Eq. 1 adjusted to 
yield 0, 10, 20, 30, 40 and — 100 per cent heat loss 
(100 per cent heat input). These figures refer to the total 
amount of heat loss to the surroundings from the “con- 
duction” and “reaction” zones (that portion of the sys- 
tem upstream of the point of maximum temperature— 
see “Theory” section). The amount of heat loss is 
expressed as a percentage of the total amount of heat 
generated by oxidation. 

To illustrate the effect of a different reaction rate on 
the calculated value of maximum temperature vs air- 
injection rate, calculations were made for conditions of 
zero heat loss using values of A = 4 million and B = 
12,550. This is equivalent to doubling the reaction rate 
at each temperature over the value used in the previous 
calculations. 


REVERSE-COMBUSTION EXPERIMENTS 


Several reverse-combustion experiments were per- 
formed under conditions chosen to match, as closely as 
was practical, the list of assumptions given in the 
“Theory” section. In each experiment, air was injected 
at constant rate into a cell, packed uniformly with a 
sample of a tar sand. The cell had an inside diameter of 
5 in. and was 6-ft long. Operating pressure was about 
1 atm in all tests. A continuous record was kept of tem- 
peratures along the axis of the cell during the test. 
Thermocouples were spaced at 6-in, intervals. An at- 
tempt was made to reduce heat losses by simultaneously 
conducting a reverse-combustion drive in an annular 
shell surrounding the test cell. This annular region was 
packed with river sand, and carbon disulfide was used 
as the fuel. The injection rate in the annulus was fre- 
quently adjusted to keep this combustion zone coinci- 
dent with the combustion zone in the test cell. Heat 
loss was taken to be the difference between (1) the total 
heat liberated by combustion in the inner cell and (2) 
the total heat required to raise the inner cell and the 
produced fluids to the observed maximum combustion- 
zone temperature. 


RESULTS AND DISCUSSION 


ACCURACY OF NUMERICAL TECHNIQUE 


A numerical solution of Eq. 1 for conditions of no 
heat loss or heat generation was compared with the 
exact analytical solution for the same conditions, The 
absolute error in calculated temperature by the nu- 
merical technique used (see “Procedure”) was less 
than 0.02° out of 800°F. Further analysis indicated that 
this error would be no larger when heat loss and heat 
generation were included. From this result, it is con- 
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cluded that the particular numerical technique used is 
Satisfactory for obtaining solutions of the differential 
equations over the range studied. 


TYPICAL TEMPERATURE AND OXxyYGEN- 
CONCENTRATION PROFILES 


Fig. 3 shows typical calculated temperature and Oxy- 
gen concentrations as a function of position for an as- 
sumed air flux of 50 scf/hr (sq ft). Semilogarithmic 
coordinates are used because of the particular form of 
the temperature profile. Heat loss is zero for the ex- 
ample, but the curves are typical of those found for 
any amount of heat loss, Note that at relatively low tem- 
peratures the oxygen concentration decreases slowly 
and the temperature profile, log (JT — T,) vs y, is a 
straight line. In this region little reaction occurs, and 
heat conduction is the controlling factor. This region 
is called the “conduction zone” (see “Theory”). The 
oxygen concentration decreases rapidly at higher tem- 
peratures, and the resulting heat generation is reflected 
in the curved portion of the temperature profile. This 
is the reaction-zone region. The oxygen concentration 
approaches zero as the combustion-zone temperature ap- 
proaches the maximum. 


EFFECT OF HEAT Loss 


Fig. 4 shows how maximum combustion-zone tem- 
perature varies with heat loss at a particular, constant 


air-injection rate of 50 scf/hr (sq ft). The effect of 


heat loss is minor at constant air-injection rate. Change 
in heat loss from O to 40 per cent at a constant air- 
mum combustion-zone temperature to change from 833° 
to 822°F. 


The total heat-generation rate is proportional to the 


air-injection rate. Since heat loss has little effect on— 


the combustion-zone temperature at constant air-injec- 
tion rate, the effect of heat loss therefore must be to 
decrease the combustion-zone velocity. This can be seen 
directly from a heat balance. For example, a change 
in heat loss from O to 40 per cent at a constant air- 
injection rate of 50 scf/hr (sq ft) causes combustion- 
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zone velocity to decrease from 0.136 to 0.073 ft/hr. 
From these results, it is concluded that, at constant air- 
injection rate, heat loss has little effect on the maximum 
combustion-zone temperature, but the combustion-zone 
velocity decreases as heat loss increases. 


Fig. 4 also shows how maximum combustion-zone 
temperature varies with heat loss at a constant combus- 
tion-zone velocity of 0.1 ft/hr. As heat loss is increased, 
air-injection rate must also be increased to maintain a 
constant combustion-zone velocity. Therefore, the maxi- 
mum combustion-zone temperature must also increase 
correspondingly as illustrated in the figure. 

Fig. 5 shows typical calculated-temperature profiles 
(at any one time) for different amounts of heat loss at 
a constant air-injection rate of 50 scf/hr (sq ft). The 
same general shape is observed for experimentally de- 
termined temperature profiles. The effect of heat loss 
at constant air-injection rate is to flatten the tempera- 
ture profile, making the zone longer. It is concluded 
that, at constant air-injection rate, heat loss causes the 
combustion zone to become longer. 

Fig. 6 shows how temperature varies with position 
for varying amounts of heat loss at a particular com- 
bustion-zone velocity of 0.1 ft/hr. The effect of heat 
loss at constant combustion-zone velocity is to steepen 
markedly the temperature profile. This is true because, 
as heat losses increase, the air-injection rate must also 
be increased to maintain a constant combustion velocity. 
At higher air-injection rates, and therefore higher maxi- 
mum temperatures, the combustion zone is shorter. It 
is concluded that, at constant combustion-zone velocity, 
heat losses cause the combustion zone to become shorter. 


EFFECT OF REACTION RATE 

The reaction rate used in all these calculations was 
assumed to be independent of oxygen concentration. If 
the specific reaction is of zero order, this assumption is 
appropriate. If not, the reaction rate used corresponds 
at each temperature to some average rate over the 
range of oxygen compositions involved at that tempera- 
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ture. Even so, it appears to serve satisfactorily as a cor- 
relating function from which the effect of air-injection 
rate on maximum combustion-zone temperature can be 
computed over a wide range of conditions. 


If the reaction is actually not of zero order, changes 
in operating pressure or dilution of the injection gas 
will affect the reaction rate with a corresponding effect 
on the combustion-zone temperature. A qualitative 
evaluation of such effects was obtained by finding how 
predicted, maximum combustion-zone temperature re- 
sponded to changes in the relative magnitude of the re- 
action rate. The two reaction-rate curves, I and II in 
Fig. 7, were used for such illustrative calculations. 
Curve I is the one used for all the previously discussed 
calculations. Curve II is obtained from Curve I merely 
by multiplying by a factor of two. Comparison of re- 
sults based on the two different reaction-rate curves, 
therefore, might show the type of effect to be expected 
from an increase in operating pressure if the reaction is 
of greater than zero order with respect to oxygen con- 
centration. 


Fig. 8 shows the predicted relation between air-in- 
jection rate and maximum combustion-zone temperature 
for the two different reaction-rate curves. The higher 
reaction rate (Curve II) results in a lower, predicted, 
maximum combustion-zone temperature. At an air-in- 
jection rate of 50 scf/hr (sq ft), for example, doubling 
the reaction rate reduces the maximum combustion-zone 
temperature by about 70°F. It is concluded that, at 
constant air-injection rate, an increase in the oxygen- 
hydrocarbon reaction rate will result in a lower, maxi- 
mum combustion-zone temperature. 


COMPARISON WITH EXPERIMENT 


The predicted effects of air-injection rate and heat 
loss on maximum combustion-zone temperature are 
shown in Fig. 9. Experimental data from seven reverse- 
combustion experiments using samples of a tar sand 
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are given in Table 2 and are included in Fig. 9 for com- 
parison with the theoretical calculations.* The theoretical 
results are in excellent agreement with the experimental 
results. 


In view of the small predicted influence of heat loss, 
it is assumed that the scatter in the experimental data 
is the result of uncontrolled factors other than heat loss. 


From the relation between air-injection rate, maxi- 
mum combustion-zone temperature and heat loss as 
shown in Fig. 9, the combustion-zone velocity can be 
computed by a heat balance. Fig. 10 shows results of 
such calculations, with combustion-zone velocity plotted 
against maximum combustion-zone temperature for 
varying amounts of heat loss. At constant combustion- 
zone temperature (essentially the same as constant air 
rate), the predicted combustion-zone velocity varies 
markedly with heat loss. The experimental data are in- 
cluded for comparison, and the amount of heat loss ac- 
companying each test is indicated. The agreement be- 
tween theory and experiments is good in spite of the 
limitations on which the theory is based. Because of the 
close agreement of theory with results of experiments, 
it is concluded that the theory may be used with con- 
fidence to predict how operating variables affect maxi- 
mum temperature and combustion-zone velocity in a 
reverse-combustion operation. 


CONCLUSIONS 


From the results of this study, the following conclu- 
sions are made (for uniform systems). 

1. At constant air-injection rate, heat loss has little 
effect on the maximum combustion-zone temperature, 


but the combustion-zone velocity decreases as heat loss 
increases. 


2. At constant air-injection rate, heat loss causes the 


*Because of experimental difficulties during the test at the low- 
est air injection rate, the data for that test are believed less re- 
liable than for the others shown in Figs. 9 and 10 
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Combustion zone to become longer. At constant com- 
bustion-zone velocity, heat loss causes the combustion- 


zone to become shorter. 


3. At constant air-injection rate, an increase in the 
oxygen-hydrocarbon reaction rate will result in a lower 


combustion-zone temperature. 


os The theory may be used with confidence to pre- 
dict how operating variables affect maximum tempera- 
ture and combustion-zone velocity in a reverse-combus- 


tion operation. 


NOMENCLATURE 
A = reaction-rate coefficient, lb 0, 
(cu ft gas space) 
B = reaction-rate exponent, °R 
C, = heat capacity of gas, Btu/lb (°F) 
C, = heat capacity of solid, Btu/Ib (°F) 
F 


by combustion, dimensionless 
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heat-generation function, Btu/hr (cu ft) | 

reaction-rate function, lb 0, consumed/hr (cu 
ft gas space) 

heat-transfer (loss) coefficient, Btu/hr (sq f 
of surface) (°F) 

gross thermal conductivity, Btu/hr (ft) (°F) 

heat-loss function, Btu/hr (cu ft) 

criginal oxygen concentration in injected gas, 
mol fraction 


mass gas flux, lb/hr (sq ft) 

relative oxygen concentration (fraction of ori- 
ginal oxygen remaining unreacted), dimen- 
sionless 

original oxygen concentration, weight fraction 

(perimeter) shape factor (ratio heat-loss sur- 
face to volume), sq ft/cu ft 


net rate of heat flux due to conduction, 
Btu/hr (sq ft) 


net rate of heat flux due to convection, 
Btu/hr (sq ft) 

gas (air) injection rate, scf/hr (sq ft) 

derived constant, 1/ft 

temperature, °R 

temperature, °F 

external temperature, °F 

temperature at y = 0, °F 

original (reservoir) temperature, °F 

maximum combustion-zone temperature, °F 

T — T, (temperature increase), °F 

maximum temperature increase, °F 

yR, dimensionless 

combustion-zone velocity, ft/hr 

— V, ft/br 

distance (fixed and increasing in direction of 
air flow), ft 

distance (moving coordinates, increasing in di- 
rection of air flow), ft 

position of plane of maximum temperature, ft 
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TABLE 2 — RESULTS OF REVERSE-COMBUSTION EXPERIMENTS 


Air Injection Maximum Combustion- Combustion- Heat Loss, 
Rate, Zone Temperature, Zone Velocity, Per Cent of Heat 
scf/hr (sq ft) TE ft/hr Generated 
7.5 A494 0.066 
25 740 0.090 4 
51 800 0.119 20 
55.5 869 0.105 34 
75 895 0.158 9 
150 1112 0.200 24 
307 1403 0.180 65 
z= V0, ft 
a = derived grouping of constants =, F 
KR 
D 
B = derived grouping of constants ER’ 


dimensionless 
8 = heat generation constant, Btu/Ib of 0: 


= time, hours 
C, = gas density (bulk) lb/cu ft 
¢. = solid density (bulk) lb/cu ft 


$, = gas porosity (product of total porosity and gas 
saturation), dimensionless 
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APPENDIX 
DERIVATION OF DIFFERENTIAL EQUATIONS* 


THE TEMPERATURE EQUATION 


Consider a one-dimensional element of the combus- 
tion zone of unit cross-sectional area. A heat balance 
on the element accounting for conduction, convection, 
heat generation and heat loss gives 

Cis & oT 


Ka e(T) L(T) CHE C, + Gey 


oT 
(1) 


Change variables as follows: y = X — V6; and z = V0. 
Assume that steady state has been attained. This per- 
mits Eq. 1 to be reduced to an ordinary differential equa- 
tion. Since the velocity of the combustion zone is nor- 
mally negative for reverse combustion, let v = —V. 
With these substitutions, Eq. 1 becomes 


dy* K K 
Let the rate of heat liberation in a unit volume of the 
system be proportional to the gas-space volume, the 
heat liberated by reaction per unit weight of oxygen 
and a temperature-dependent reaction rate, G(T). Then, 
Now let heat be lost to surroundings which are at a 

constant external temperature, T,, so that 

Eq. 2 then becomes 


dy? K 


*The physical assumptions involved in the following derivation 
are listed under “Theory”. Eq. 1 in text is Eq. 5 in the Appendix, 
Eq. 2 is Eq. 7, and Eq. 8 is Eq. 15. 
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THE OXYGEN-CONCENTRATION EQUATION 
An oxygen-mass balance on the element, accounting 

for convection and reaction, gives 

On 

—+--G(T)=0... (6 

ox obo 00 ate N, ( ) ( ) 
Make the change of variables, as before, and assume 
steady state. Eq. 6 becomes 


dn do 


This can be solved simultaneously with Eq. 5, or sub- 
sequent to solving Eq. 5. The latter technique was used. 
Substituting Eq. 7 into Eq. 5 gives 


K dy 
(m, + dn hp 


But, 
(m, + vb,C,)N,5 = Total Heat-Generation Rate 
= Heat Absorbed + Heat Loss = [m,C, SF 


where, by definition, 
Ymax 
L(T) dy 
Total Heat Loss Rate 
Total Heat Generation Rate Ymax 
| e(T)dy 
(10) 


PETROLEUM TRANSACTIONS, AIME 


pew 
i/ 
— 
| 


For the specific conditions given previously, 


Ymax 


hp T,) dy 


$8 | 
Substitute into Eq. 8, rearrange, and integrate. 


7) 1— FA K 
dy 


&T hp aT 
(12) 
or 
y 
Ay 
dT 
‘dy (GE r.) F . . . (13) 
Jay 


Eq. 13 may be used to calculate the oxygen-concentra- 
tion profile in the combustion zone. Fortunately, Eq. 13 
is not as cumbersome as it may appear. Many of the 
_-terms in this equation are easily available while penn; 
ing the numerical integration of Eq. 5. 


A useful result may be noted by evaluating Eq. 13 
at the limits y = ymax, T = Tmax. 


= K 


This shows that the oxygen concentration in the flow- 
ing gas stream approaches zero as the combustion-zone 
temperature approaches T,,,x regardless of the amount 
of heat loss which occurs. 


REACTION-RATE INFORMATION 


Actual solution of Eq. 5 requires information con- 
cerning the reaction rate, i.e., the heat-generation rate. 
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It was assumed previously that this intormation could — 
be expressed in certain units and that the reaction rate 
depended upon temperature. Now assume that the re- 
action rate may be expressed in a form of the well 
known Arrhenius equation. 

G(T) — Ae : n = 0) 

=0 SAY) 

MECHANICS OF SOLUTION 


According to the assumptions listed under “Theory”, 
many of the factors in Eq. 5 are constant. Let 


mC, + + 

Each of the factors in this group may be considered 
constant for any one calculation. Calculations may then 
be made more conveniently in terms of R rather than 


R= 


in terms of v and My. 
Eq. 5 then becomes 


B 
= $08 
Now let u = Ry, a KR? and, 8 KR? 
B 
aT aT 
SO that ae B(T 0 
(18) 


Eq. 18 cannot be ‘doned saaivdcally but presents no 
paritcular difficulty with regard to numerical solution. 
Starting values for actually performing the numerical 
integration may be taken from the analytical solution 
obtained for a = 0 (negligible heat generation). This 
approximation is adequate because at low temperatures 
the reaction rate is negligible. For a = 0, the exact so- 
lution is 

If the equation is solved for various values of R, it 
will be necessary to convert to appropriate values of 
Q, and v. Expressions for this are: 

1 waz 


(20) 


and 
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Oil Recovery in Five-Spot Pilot Floods 


B. H. CAUDLE 
1. G. LONCARIC 
MEMBERS AIME 


ABSTRACT 


Pilot flooding is one method of evaluating a proposed 
secondary recovery project. However, the amount and 
rate of oil recovery from an unconfined pilot area is not 
usually the same as from an equal area in a large-scale 
flood. This is true because fluids are free to move across 
the boundary of a pilot area. The result is that some of 
the oil produced in a pilot flood may come from out- 
side the designated area and some of the displaced oil 
may leave the pilot area completely. This paper pre- 
sents the results of fluid-flow model studies on a five- 
spot pilot flood. Mobility ratios between 0.1 and 10 
have been studied. The effects of changing the ratio of 
injection to withdrawal rates are shown. 


INTRODUCTION 


A small-scale field test, or pilot flood, is an accepted 
method for evaluating the applicability of a secondary 
recovery operation and the economic potential of that 
operation for a reservoir. The pilot flood is carried on 
in the same manner, with the same injected materials 
and at the same pressures as would be used were the 
secondary recovery program to be expanded to a larger 
area of the field or to the entire field. If the reservoir 
fluid and reservoir rock properties are the same in the 
pilot area as in the rest of the reservoir, the production, 
injection and other pertinent data associated with the 
pilot test will represent and measure what should be ex- 
pected from a full-scale development of this secondary 
recovery program. 


There is One major exception which, unfortunately, 
has been overlooked by many and which has been await- 
ing quantitative definition. This is the sweep-out pattern 
the reservoir engineer must use in interpreting the pilot 
flood and in extrapolating it to the full-scale develop- 
ment. The sweep-out area in a pilot flood is not con- 
tained within the five-spot pattern. Further, there is oil 
flow into and/or out of the five-spot during a pilot test. 


Original manuscript received in Society of Petroleum Engineers 
office Sept. 15, 1959. Revised manuscript received Feb. 8, 1960. Paper 
presented at Joint TPRC-SPE Oil Recovery Symposium on South- 
west Texas, Oct. 29-30, 1959, in Corpus Christi, Tex. 
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Thus, production data from pilots must be interpreted ° 


with this different flow system and sweep pattern in 
mind. 

We have studied the sweep-out pattern that will exist 
for some conditions of operation of pilot flooding a 
single five-spot (four injection wells and one producer). 
In our study, reported here, we have assumed that the 
reservoir is relatively homogeneous and of uniform 
thickness in the pilot area. The results of this study en- 
able the engineer to predict the recovery, injection re- 
quirements and project life for a full-scale operation 
from the pilot flooding data. The effects of various in- 
jection to withdrawal-rate ratios and mobility ratios in 
a relatively gas-free (10 per cent pore volume or less) 
system are shown. 


EXPERIMENTAL METHOD 


The technique used in this study was the same as 
that for the X-ray shadowgraph studies of sweep-out 
pattern efficiencies." The model of the pilot and sur- 
rounding area was made from a uniform packing of 
round-grain sand consolidated with an epoxy resin. Fig. 
1 shows the relation between the model and the pilot 
area. Only one-eighth of the pilot area had to be rep- 
resented in the model because we assumed equal injec- 


References given at end of paper. 
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tion rates in each well. The model was 0.25-in. thick 
~ and the distance between the injection well and the pro- 
ducing well was 6 in. The outside edge of the model 
was 18 in. (three well spacings) from the injection well. 
Previous studies have shown that increasing this dis- 
tance to the outside edge does not noticeably change 
the flow of the fluids around the pilot area. Fig. 2 is a 
diagram of the equipment used in the study. The injec- 
tion fluid, which contained iodobenzene as the X-ray 
absorber, was pumped into the model at a constant rate. 
A second constant-rate pump (running backwards) was 
used to meter the production rate. 


Miscible oils were used to model both the oil in 
place and the injected fluids. Because of the miscible 
displacement, the effective permeability was constant 


throughout each run; the mobility ratio ear was 
given by the inverse viscosity ratio [y,./]. 
Radiographs were taken during the runs and were 
analyzed by the method described in a previous paper.’ 
These results, showing the producing history, were then 


compared with similar results from one unit of a large, 
multi-well, five-spot injection system. This comparison 
shows the corrections which must be applied to data 
from the pilot flood to predict the full-scale reservoir 
performance. 


The mobility ratios studied were approximately 0.1, 
0.3, 1, 3 and 10. This covers the range of mobility ra- 
tios encountered in most water floods and with many _ 
low-pressure gas drives. The injection to producing-rate 
ratios studied covered the range between one and four. 
Each injection well is operating at one-fourth the pro- 
ducing rate at a total rate ratio of one, while at a ratio 
of four, each injection well is operating as fast as the 
center well is producing. 2 


RESULTS 


Figs. 3 through 7 show the results of this study at 
the five mobility ratios studied. The ordinate of each 
plot is a dimensionless cumulative recovery, (N,/Vp). 
N, is the cumulative oil production and V, is the flood- 
able (displaceable) volume of the pilot area (100 per 
cent sweep-out pattern). Vp is also the volume of oil 
that could be produced if the pilot area were part of a 
fully developed five-spot system (again 100 per cent 
sweep-out pattern). The abscissa is a dimensionless vol- 
ume injected (V;/V,). The families of solid lines show 
the producing history of a pilot flood at various rate ra- 
tios (q;/qp). Tie lines connect points of equal producing 
cuts (f;). These tie lines refer only to the pilot flood 
data. 


Also shown as a dotted line in each of these figures 
is the producing history which would have resulted 
from the pilot area had it been part of a fully developed 
injection system. These are the results which the pilot 
flood will have to show if the pilot flood data are to be 
used directly to predict reservoir performance. These 
data (for the fully developed five-spot system) are taken 
from a previous publication.’ Producing cuts (f,;) are 
spotted on these curves so that they may be compared 
with the tie lines from the pilot flood data. 
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Figs. 3 through 7 show that pilot flood oil recoveries 
may cause the operator to be wrong in his recovery pre- 
diction by as much as a factor of four if he considers 
the recovery to be coming from the area within the four 
injection wells. In most of the cases reported in this 
study, the pilot flood gave a more favorable recovery 
history than did the complete five-spot injection project. 


UsE OF THE DaTA 

It must be remembered that use of these data is re- 
stricted to reservoir conditions which closely approxi- 
mate those modeled in this study, i.e., little free gas 
and a relatively uniform reservoir. Gross plots of these 
data may be used for systems having mobility ratios or 
rate ratios within the ranges studied. 
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] The problem is to convert the injection and produc- 
ample involving the use of data recorded in this paper. 


tion data from a pilot operation to that which would 
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be predicted for a full-scale five-spot operation. This 
is done by developing correction factors from Figs. 
3 through 7. Consider that a pilot water flood is 
performed in which there are four water-injection 
wells surrounding one producing well. Assume further 
that the mobility ratio is one and that the rate of injec- 
tion into each injection well is one-half the voidage rate 
from a producing well; thus, the four injection wells 
combined are taking material at twice the rate at which 
it is being voided from the producing well. This gives a 
rate ratio of two. Refer to Fig. 5 to interpret the pilot 
flood production data, By comparing model data for 
the pilot operation and for a fully developed five-spot 
system, we can develop correction factors to be applied 
to the example pilot data for the prediction of reser- 
voir performance. These correction factors, which are 
the ratios of fully developed five-spot performance to 
five-spot pilot performance, are shown in Fig. 8. The 
points for these curves are obtained by “ratioing” the 
performances of the two systems, as shown in Fig. 5 
(pilot flood-rate ratio equals two and fully developed 
five-spot), at equal water-cut points between break- 
through and’ abandonment. Thus, at breakthrough 
(water cut equals zero) the correction factor for the 


ordinate is 
1.00 


= 0.70, and the correction factor for 


70 
700 = 0.35. 


The production history data from the example pilot 
flood are shown by the solid lines in Fig. 9. The correc- 
tion factors from Fig. 8 are then applied to the cumu- 
lative oil production (N,) and the water-injected (W,) 
data from the pilot flood to get the dashed curves that 
are shown in Fig. 9. These dashed curves show the per- 
formance of the pilot area had it been part of the large- 
scale flood. 


the abscissa is 
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CONCLUSIONS 


The studies reported here show that large errors can 
result from a direct extrapolation of single, five-spot 
(four injection wells and one producing well) pilot flood 
results. Other authors have reported similar data for 
other pilot flood configurations.** These errors result 
from the fact that the swept area in a pilot flood is not 
always contained in the pilot pattern unit. The results 
of the model studies reported here can be used to in- 
terpret single, five-spot, pilot flood results in the range 
of mobility ratios and fluid saturations studied. Further- 
more, the technique of modeling described in this paper 
can be used to determine correction factors for any type 
of pilot flood if the reservoir geometry, fluid mobilities 
and flow-rate ratios are properly modeled. 


NOMENCLATURE 
}, = fraction of injected fluid in produced stream 
k = permeability 
(k/p); 

M = mobility ratio, TOs 
N, = cumulative oil produced 

qi = injection rate (total of all wells) 

dp = producing rate 
W, = cumulative water injected 

= viscosity 

V> = displaceable (floodable) pore volume 
V, = cumulative volume injected 
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The Effect of Some Drilling Variables 
On the Instantaneous Rate of Penetration 


H. D. OUTMANS 
MEMBER AIME 


ABSTRACT 


The paper presents a theoretical approach to the drill- 
ing problem based on rock mechanics and drilling fluid 
hydraulics at the bottom of the hole. 


The volume of the fractured rock around the ver- 
tically penetrating bit tooth is expressed as a function of 
the tooth pressure, included tooth angle, drilling fluid 
pressure and formation characteristics on the assump- 
tion that fracturing is preceded by plastic flow. This as- 
sumption is verified by comparing the stress-strain state 
in the rock around the tooth to that in equivalent tri- 
axial compression tests described in the literature. 


An expression similar to the above is derived for 
the tooth penetration in the cuttings which have been 
retained at the bottom. Combination of these two ex- 
_pressions leads to a relation between depth of tooth 
penetration in the virgin rock, the amount of cuttings 
retained and the other variables. By relating the cutting 
volume to the drilling rate, the hydraulic bit horse- 
power and the drilling fluid pressure, it is possible to 
arrive at formulas which express the drilling rate for 
viscous or turbulent flow at the cutting surface, for in- 
stant clearance, for retained cuttings, or for false tooth 
foundering as functions of such variables as the drilling 
fluid pressure, hydraulic horsepower at the bit, rotary 
speed and bit weight. 


Plotting the results as drilling curves and comparing — 


them to published field and laboratory data justify the 
conclusion that the drilling model presented in this 
paper approximates the actual mechanism. 

The drilling curves serve to explain some character- 
istic features of the rotary drilling operation, and the 
equations may be used for numerical evaluation of the 
effect of changes in the magnitude of some of the varia- 
bles on the drilling rate. 


INTRODUCTION 


Published laboratory data have established that con- 
sistent and relatively simple relations exist between the 
drilling rate and any one of the important variables. 
For instance, the drilling rate usually increases at an 
increasing rate with the bit weight. It increases at a 
decreasing rate with the rotary speed, decreases at a 
decreasing rate with increased drilling fluid pressure 
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and plots as an S-shaped curve against the hydraulic 
horsepower at the bit. 

This relative simplicity seems difficult to understand 
considering that the drilling mechanism is a continuous 
process of generation and removal of innumerable indi- 
vidual cuttings, under different conditions for each. 
On the other hand, the drilling rate (although deter- 
mined by this complicated process) only expresses the 
average rate at which cuttings are produced and cleared 
away. Ignorance of the drilling mechanism as far as 
individual cuttings are concerned, therefore, does not 
exclude the possibility of arriving at a concept of the 
drilling rate provided the mechanism is properly evalu- 
ated for the average cutting. It then may be concluded 
from the first sentence that this concept also should be 
rather simple in its final form, although not necessarily 
in its derivation. 

Two aspects of the drilling mechanism are difficult 
to evaluate — (1) the effect a penetrating drilling fluid 
has on the stresses around a bit tooth entering the for- 
mation and (2) the volume of rock fractured by a 
penetrating tooth which moves both vertically and hori- 
zontally. Thus, the scope of this paper has been lim- 
ited to an evaluation of the drilling mechanism in for- 
mations which have a low permeability and are drilled 
with hard-formation bits. 

In the following sections, the drilling mechanism is 
analyzed in three steps. First, the effect of tooth pres- 
sure on the volume of fractured rock around the tooth 
is evaluated, assuming initially that the bottom of the 
hole is free of cuttings and, then, determining the ef- 
fect of a layer of these cuttings. In the second section, 
the thickness of this layer is related to the drilling rate 
and the chip clearance time, and the latter to the hy- 
draulic horsepower at the bit under conditions of laminar 
and viscous flow at the cutting surface. In the third sec- 
tion, the previous results are combined with the rotary 
speed into drilling equations which are then plotted and 
compared to experimental drilling curves. This section 
also contains some numerical examples of drilling rate 
computations. 

Some mathematical details are given in the appen- 
dixes. Finally, it should be mentioned that, although 
some drilling equations are already available,** these 
equations (with the exception of one’ which attempts to 
relate drilling rate to drilling fluid pressure) are all 
mathematical expressions for observed laboratory data; 
none considers the effect of delayed drill-cutting re- 
moval, an essential feature of the drilling mechanism. 


1References given at end of paper. 
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ROCK FRACTURE UNDER A VERTICALLY 
PENETRATING BIT TOOTH 


ASSUMPTIONS 

As a bit tooth (which is considered to be a rigid, 
long wedge with a sharp edge) enters the rock, the rock 
is brought into a critical state of stress and strain and, 
consequently, fractures. If the fracturing takes place 
during elastic deformation of the rock, it is termed a 
brittle fracture. If, on the other hand, the rock is plas- 
tically deformed prior to the fracturing, the fracture is 
termed plastic. Because the stress-strain conditions pre- 
ceding each of these two types of fracturing are sig- 
nificantly different, the type of fracturing to be expected 
under a bit tooth should be the first consideration. The 
study of the mechanical properties of rocks in triaxial 
compression tests on cylindrical samples** has shown 
that the majority of rocks in the earth crust, even though 
they may fail by brittle fracture at low confining pres- 
sures, can be brought to flow plastically before fracture 
if the confining pressure is raised sufficiently. By com- 
paring the stresses and strains under the tooth (calcu- 
lated on the assumption that the rock is plastically de- 
formed before it fractures) to those in equivalent triax- 
ial tests, it may be shown that the assumption of plas- 
tic deformation is valid. The assumptions made in the 
analysis are as follow. 

1. The rock has a sharp yield point, negligible strain 
hardening and is incompressible. 

2. The yield point in the considered pressure ranges 
is determined by the generalized Mohr-Coulomb rule. 


3. The rock is impermeable to the drilling fluid. (See 
“Introduction”. ) 


4. The elastic strains are small compared to the plas- 
tic strains. 


5. The tooth is a long, rigid wedge with a sharp edge. 
6. A plane state of strain exists under the tooth. 


7. Lubrication of the drilling fluid eliminates the 
friction between the tooth face and the rock. 


ORIGINAL 
SURFACE 


8. The rock surface is flat and free of cuttings. (See 
“Introduction”. ) 

9. The rock is in an elastic state of stress prior to 
tooth impact. 

Apart from the added effect of the drilling fluid pres- 
sure and the fact that the yield point for rock is de- 
termined by the Mohr-Coulomb rule rather than by the 
Tresca yield criterion, the problem is quite similar to 
that for the wedge indentation of ductile metals.” 


THE SLip-LINE NET UNDER THE TOOTH 

Fig. 1 shows the net of slip lines in the formation, 
which is compatible with the plastic flow equations and 
the boundary conditions, as will be demonstrated. 

The field consists of Regions I and III, which are 
triangular in shape and where the slip lines are straight, 
and Region II, which is spiral and where one set of slip 
lines consists of logarithmic spirals and the other of 
radii. In all areas, the slip lines intersect each other at 
an angle of 90° — p as required by the Mohr-Coulomb 
rule. 

It may be demonstrated” that 

cot p In (c cos p + o sin p) — 2¢= constant along 

and 

cot p In (c cos + o sin p) + 2¢ = constant £-slip 

lines, 
for plane plastic strain of a material obeying the Mohr- 
Coulomb yield criterion. As d8 is zero along an a-line 
and da is zero along a £-line, it follows from these 
Ops 

This equation is satisfied by the flow-line field of Fig. 
1 as = 0 throughout. 


a 


equations that 


On the free surface AC, a uniform pressure p is ex- 
erted by the drilling fluid. As the tangential stress along 
AC is zero, p is a principal stress and equal to —-o,. The 


Fic. 1—Surp-Line Fretp Rock Surrounpine VERTICALLY Penetratine Bit Toorn. 


138 


PETROLEUM TRANSACTIONS, AIME 


| 
| 
& | 
| 
| 
S | 
| 
JERE | | 
Tp. | 

| 
\ 
B D | 
| 
| 


slip lines, therefore, intersect AC at an angle of 45° — 
Yap. The derivative of o along the surface is equal to 


do de 00 4.4 
sin ( + Wp) = 


c + otanp 1 1 
sin(45° + 


The mean compressive stress is constant along 


Pp +c cos p 
1 — sin 


S = 0. The tooth moves vertically downward with unit 
velocity, and the tooth face AB, therefore, moves perpen- 
dicular to itself with a velocity sin 8. The velocity of 
the plastic elements in that direction must be the same; 
hence, 


the surface and equal to ; therefore, R + 


sin B= — (ut v)sin(45°+%p) . . (2) 


As the penetration of the tooth proceeds, the plastic- 
~ rigid boundary BDEC sweeps across the formation and, 
on crossing the boundary, a previously immobile par- 
ticle receives velocities w and v along the slip lines. 
BDEC is a line of velocity discontinuity;” therefore, 


u cos p = (— usin p — v) tanp, or u + vsin p = 0. 


Because = 0 throughout the plastic zone, 


it follows from Eq. 42 of Appendix B that 2 (w+ v sin 


p) = 0. Since u + v sin p = 0 along the boundary, it 
is equal to zero everywhere and the velocity vector, 
_w=u-+y, is perpendicular to the a-slip lines. With 
Eq. 2 we find for Region III, 
sin p sin 8 
cos p cos (45° + Yip) 
sin 
cos p cos (45° + Wp) 


(3) 


and vm = — 


In Region II, the flow equation isa (v + u sin p) 
B 


COs 1 Op 
5 0. As u v sin p an 5 2s, 


this may be written as me (In v — ¢tanp) = 9, or In 
Sp 
v — ¢tanp is constant along a (-slip line. As ¢ is positive 
when measured counter-clockwise, In vn — ¢tanp = In 
Vurty OF Vy = and For Region I, 
we find vy = and uy = 


The previous computations are based on the assump- 
tion that the free surface AC is straight. This may be 
verified as follows. (See also Ref. 10.) If the penetra- 
tion of the tooth increase by Ak, AC moves normal to 
itself over a distance Ak (uz — vx) cos (45° + Yp 
= Ak (/N,e7"" sin 8). The increase in the volume of 
the extruding lip is dV, = Ak(e**"V/N,) 
sin 8 = (hAk) (sin 8) N,e***"’. At the same time, the 
volume displaced by tooth face AB = dV, = (hAk) 


A proof of Eq. 4 is given in Appendix C and the 
assumption of a straight surface, therefore, is correct. 
Eq. 4 shows that the tooth penetration is accompanied 
by dilatation, as was to be expected.” 
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Another characteristic property of the flow mech- 
anism is the similarity of configuration during each 
stage of the penetration. This may be proved as follows. 


ON/k = Ak sin B 


As A moves along OA during the penetration, 
V, 
V,? and the assumed similarity exists. 


The geometry of Fig. 1 also shows that 

h cos B—k=hv/N,e**™ sin (B—a) . (6) 
and 

By eliminating k, h and ON from Eqs. 5, 6 and 7, we 
find 

COS 

1 + (sin 2€) (sina) | (8) 
where tané = \/N,e*"™. Fig. 2 shows a plot of a vs the 
semi-tooth angle 6 for different values of p. (For p = 0, 
the Mohr-Coulomb rule degenerates into the Tresca 


yield criterion, and the curve then is the same as given 
in Ref. 11.) 


cos(28 — a) = 


THE PLastic STATE OF STRESS NEAR THE TOOTH 
On the free surface AC of Region IJ, the mean stress 
COS-—p 
tanp is constant along a #-slip line, the mean stress 
Om on the wedge face and throughout Region III is 
equal to the following. 


Onr — 


. Because In (c cos p + o sin p) + 2¢ 


1 — sin p 
and the principal stress normal to the tooth is 
o> =o (Ps sin cos p = 
90- 
66- 
= +30 


(DEGREES) 


(e) 6 12 18 24 30 36 42 498 54 60 66.72 78 84-90 


—» (DEGREES) 


Fic. 2—Retation Between IncLupED ANGLE OF SPIRAL SEC- 
TION OF Siip Fietp AND Semi-TootH ANncLE (8) FOR 
DIFFERENT VALUES OF THE ANGLE OF INTERNAL FRICTION (p). 
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Fic. 3—RELATION BeTweeN NorMAL PRESSURE ON 
TootH Face AND Semi-TootH ANGLE. 


Fig. 3 shows the normal stress o, as a function of the 
semi-tooth angle @ for different values of p and zero 
drilling fluid pressure. The pressure on the wedge face 
increases rapidly when the tooth angle and the angle 
of internal friction of the rock increase. 


DEPTH OF TOOTH PENETRATION AND 
VOLUME OF DEFORMED ROCK 


If the bit weight is W and the total length of tooth 
metal in simultaneous contact with the formation is /, 
W 

By eliminating A and o, from Eqs. 6, 10 and 11, it is 
found that 

ge [cos 8 — tané sin (8B — a)](W/l) (12) 
2 sin B [c cot p (tan’é — 1) + p tan’é] 
From Eq. 12 and Fig. 1, the plastically deformed 
volume 
[(2 sin p + 1) tan’é + (2 sin p — 1) N,] Wl 
16\/N, sin p sin *B [c cot p (tan*é — 1) + p tan’é]’ 
(13) 


AVERAGE STRAIN DURING TOOTH PENETRATION 


In the Regions I and III (Fig. 1), the velocities u and 
v are constant. The elements, therefore, move as a solid 
block; the strain is constant and equal to that produced 
by the passage of the discontinuity surfaces DB and EC. 
For elements in Region II, u and v vary and the strains 
increase as A is approached. The principal strain incre- 
ments de,, and de», in Region II may be computed from 
Egs. 37 and 39. 
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sin BCVN, dk) 
2 r, cos (45° + % p) 
= sin B dk 
2 1r,/N, cos (45° + % p) 


where r, is the distance between A and the point of 
intersection of a G-slip line with AD. 

For elements in Region II, the strains, therefore, can 
become large; but as Region II is small for moderate 
values of the semi-tooth angle, the average strain can be 
computed from the deformation of an element passing 
through BDEC. 

Consider a square element with one side along the 
boundary BD (y-axis). The displacement of the bound- 
ary BD normal to itself during an increment dk of the 
penetration is equal to sin (45° + % p + B) dk. The 
displacements of the side of the element initially on the 
boundary are (umcosp) dk in a direction normal to 
the boundary and vm; dk parallel to the boundary. The 
strain increment 


dey = 


(14) 


and ==) 


d = Uy COS p 
Ean — “sin (45° + %p +t B) + um cosp 
2 sin sin p_ 
cos (B —- p) + sin p 
dey, = 0, 
and 
= in 


sin (45° + % p + B) + um COS p 


mn 2 sin B cos p (16) 


The stresses on the square element are 


Soo = Oz, = — o (1 + Sin’p) — csinp cos p 
Oy = — o (1 — sin’p) +c sin pcos p (17) 
= SiN pcos p + c cos’p 


Fracturing at the boundary takes place if the calculated 
strain is larger than the strain which would lead to 
fracture under the existing plastic stress state. 


STRESSES AND STRAIN IN TRIAXIAL 
COMPRESSION TESTS 


To compare the average strain during tooth penetra- 
tion (as computed in the previous paragraph) to those 
in triaxial compression tests, the following generalized 
stress and strain invariants are introduced. 


6(de* + de* + de® )]* + 


| 


(Ges — Gee)? + + + (19) 


For an ideal triaxial compression test (¢c2 = Gy = 
— o, and o,, = — o,) we find with Eq. 46, des. = dey, 


= and de. = ad( m+ 


6V/J 


Os O71 


where J, = aes or des. = dey = dX (m+ %v/3) 


and de,, = dd (m — 1/V/3). 
Substitution in Eq. 18 shows that de = de,, and sub- 


stitution in Eq. 19 that o =o, — o;,. Hence, the curve for 
the generalized true stress vs the generalized natural 
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strain for a triaxial compression test is the same as for 
the true differential stress vs the natural axial strain. 
de and o are invariant with respect to the coordinate 
system. 

Substitution of Eqs. 15 and 16 in Eq. 18 gives the 
axial strain in a triaxial compression test equivalent to 
the strain during tooth penetration. We find 


ra 2 sin B (— 3 + sin’ p + sin p) 
3[cos (6 — p) + sin 


Substitution of Eq. 17 in Eq. 19 gives the equivalent 
differential stress 


c= (o sin p + ccos p) \/3 + sin’ p, or with Eq. 9, 


(20) 


2atanp 


o= (c cos + psin Sit p: « (21) 
— sin p 


The envelope for the generalized Mohr-Coulomb yield — 


criterion is given by mJ, + \/J; = n (Appendix A), and 

the differential stress at yield for a triaxial compression 


where p, is the confining pressure. 


(22) 


NUMERICAL VALUES OF THE EQUIVALENT 
TRIAXIAL STRESS AND STRAIN 


Eqs. 20, 21 and 22 may be used to determine the 
equivalent compression test if drilling fluid pressure, 
tooth angle and formation characteristics are known. 


As an example, the anhydrite tested by Bredthauer’ 
will be used for the computation. The data show that 
this rock has a low permeability and is brittle at zero 
confining pressure. The curves show fairly well defined 
yield points at higher confining pressures and little 
strain hardening. The plastic flow of the rock at these 
higher confining pressures is apparent from the large, 
conventional strains (> 20 per cent) before fracturing 
occurs. The stresses at yield are shown in Table 1. 


From the values of o at p,=2.5 X 10° ‘psi and 
10 X 10° psi, we find by substituting in Eq. 22 that 
m = 0.212 and n = 3.88 X 10° psi. With these values of 
m and n, we can compute ‘o for Pe = 7.5 X 10° and 
5 X 10° psi, and find 23.8 =< 10° and 19.3 X 10° psi 
respectively. These figures are within 5 per cent of the 
measured values, and the generalized Mohr-Coulomb 
yield criterion seems to be sufficiently accurate in this 
pressure range. 

The cohesion c and the angle of internal friction of 
the anhydrite may be computed from the equations, 
= 12m’) *-and-sin_ p = 3m (1 — 3m’)-* 
(Appendix A). We find c = 5.71 X 10° psi and p = 43°. 

For a semi-tooth angle of 30°, the natural strain in a 
triaxial test equivalent to the tooth penetration problem 
is 0.266 Eq. 20), and the conventional strain is « = 1 
—e*=0.23. The equivalent differential stress o is 
49.5 X 10° psi (Eq. 21) if p = 0 and p, = 20.8 10° 
psi (Eq. 22). The strain at fracture for these pressure 
conditions has not been recorded, but it may be con- 
cluded from the high confining pressure that the strain 
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at fracturing is extremely high (at p, = 10° psi, a strain 
of 0.21 was measured without loss of cohesion). 

If the drilling fluid pressure is taken into account, 
the equivalent pressures become still higher; e.g., for 
p = 7 X 10° psi, we find « = 107 X 10° psi and p, = 
52 X 10° psi. The high confining pressures in the equiv- 
alent compression tests show that fracturing under a bit 
tooth will generally be preceded by plastic flow. 


THE EFFECT OF THE TOOTH ANGLE 


It was shown in the previous section that the strain 
in a rock element after passage of the boundary BDEC 
may be too small to produce fracturing. This does not 
imply that fracturing is absent altogether. d 


As was shown previously, the strains in Region II 
increase continuously as elements approach Point A, 
and part of the rock, therefore, will suffer loss of 
cohesion. The purpose of the drilling operation is, how- 
ever, to fracture the maximum amount of rock at each 
tooth impact; this maximum volume is the area bounded 
by BDEC. 


Eq. 12 shows that, for a given formation (p and c 
constant), the depth of tooth penetration decreases if 
the tooth angle is increased; from Eq. 13, it may be 
concluded that the plastically deformed volume also 
decreases. Therefore, it would be recommendable to 
keep the tooth angle small. On the other hand, Eq. 20 
shows that de decreases as @ decreases, and if de be- 
comes too small, no fracturing will take place along the 
plastic rigid boundary. Therefore, it would appear that 
a given formation should be drilled with the smallest 
tooth angle which will give sufficient strain to produce 
fracturing along the boundary (optimum tooth-face 
angle). 

In soft formations, larger strains are required than 
may be obtained by increasing the tooth angle. The 
necessary strains are then produced by offsetting the 
teeth which results in a horizontal, as well as vertical, 
movement of the tooth as it enters the rock. 


THE EFFECT OF DRILLING FLUID PRESSURE 


Eq. 13 shows that the volume of fractured rock, 
assuming the tooth angle is large enough to produce 
fracturing along the boundary, decreases with the pres- 
sure of the drilling fluid. For two different pressures, 
p, and p., the rates of the corresponding fractured vol- 


2 
Vs =: (==) where Ay 


umes V, and V are given by eine 


2 


is afunction of p and #. In other words, in rocks with low 


cohesive strength the fractured volume is approximately 


inversely proportional to the drilling fluid pressure. In 
rocks of high cohesive strength, on the other hand, the 
effect of pressure changes is only slight. 


The drilling fluid pressure has another effect, which 
is demonstrated by Eq. 21. Suppose the strain is just 
large enough to produce boundary fracturing. Increas- 
ing the drilling fluid pressure increases the equivalent 
differential stress; this may prevent fracturing along the 
boundary BDEC and, consequently, reduce the frac- 
tured volume. 

The fact that fracture under a bit tooth will usually 
be preceded by plastic strain would also indicate that 
the elastic state of stress existing at the bottom of the 
hole will have very little effect on the volume of rock 
fractured by the bit tooth and is, therefore, likely to be 
unimportant in the drilling mechanism. 
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THE DRILL CUTTING REMOVAL 


Technically speaking, the drilling fluid issuing from 
the nozzles of a drilling bit forms a jet, regardless of 
whether the jet is directed at the teeth (conventional 
bit) or at the bottom of the hole (jet bit). Our knowl- 
edge of these axially symmetric jets of incompressible 
fluids is limited, even for the simple case of just one jet 
mixing with a fluid at rest.” During the drilling opera- 
tion, there are two or three rotating jets mixing with a 
moving drilling fluid in a confined space. Considering 
the complexity of the problem, it will be obvious that 
little can be said on how the jets remove individual 
drill cuttings. However, the fact that they are removed 
is sufficient for some general conclusions which will be 
used in the following development. 

Suppose during the drilling an average volume Ah, 
of disintegrated rock is permanently present at the 
bottom of the hole. If the drilling rate is v, the “age” of 


h. 
the oldest cuttings in this volume is probably = 7. 


It may be expected that, on the average, the oldest 
cuttings will be removed first because they have been 
exposed to the jet flow longer than the others. As Ah, is 
constant, these oldest cuttings will have been removed 
before further drilling progress is made; hence, 7 is 
the chip clearance time. We can state that the average 
height of the disintegrated rock at the bottom is equal 
to the product of drilling rate and chip clearance 
time, or 
Let w be the average work necessary to remove a 
unit volume of the cuttings; then, the required power 
is F v, where F is the force on the cuttings and v, their 
velocity. Assuming that the cuttings move at a velocity 
proportionate to that of the impinging fluid, the force 
F = Cp pn — =x Cov,” where Cy is the 
drag coefficient. The average velocity v, = b,v, where 
v, 1s the velocity of the fluid issuing from the nozzles 
and b,, a proportionality constant depending on the bit- 
nozzle geometry. Substitution shows that 
w Cy pn (biv,)*7. 
The drag coefficient C, depends on the Reynold’s 


number{ N; = ) were d is a linear dimension of 


the cuttings. For high values of N, (high nozzle veloci- 
ties or low viscosity), the drag coefficient becomes 
constant;“ for low values of Nz, the drag coefficient is 
approximately inversely proportional to Nz. As ¥, is 
proportional to HP”, we find (if v, is the only variable) 
that 

(HP) += cc, (for turbulent flow) . . . (24a) 
and 

(HP*’) += cc, (for laminar flow) . . . (24b) 

In the range between laminar flow and full turbu- 

lence, the exponent increases gradually from 2/3 to 1. 
As b, is unknown, 7 can not be minimized by making 
HP maximum if the nozzle size is varied. 


EQUATIONS FOR THE INSTANTANEOUS 
DRILLING RATE 


THE EFFECT OF THE HYDRAULIC 
Bir HORSEPOWER 


For Eq. 12, we can write 


a, 
and for Eq. 13, 
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a, W 


where a,, a, and a, are functions of p and 8 (determined 
by Eqs. 12 and 13) and where m = 1/D 

If the hydraulic horsepower at the bit is sufficiently 
large to permit unobstructed tooth penetration and if the 
number of teeth on a row is proportional to the bit 
diameter, then v = bna, k’ where b is a bit factor, 
depending primarily on the tooth spacing in a row. 

If the horsepower at the bit is not sufficient to remove 
all the cuttings between two tooth impacts, the tooth 
has to penetrate these cuttings before reaching virgin 
rock. The penetration of a layer of cuttings of thickness 
h, requires a bit weight equal to 
ap 


1 


W,.= mDh, 


where the superscripts refer to the values of c, a, a 
and p for the cuttings. Ignoring the effect of the stresses 
in the cuttings on the rock around the tooth during 


penetration, we have 


a, 4 


a W 
(27) 


a,/(c + ap) 
where = a’,/(c’ + 
depth of penetration of the tooth in the rock only and 
in the cuttings only for the same bit weight W. As the 
cuttings are more easily penetrated than the rock, it 
follows that g < 1. 

Depending on the type of bit, the time between two 
tooth impacts on the same place will be between the 
time to complete one-third to one revolution. The 
critical clearance time is therefore 7,, = c,/n where 
20 < c, < 60 for a three-cone bit, and n is the rotary 
speed (rpm). The height of the cuttings interfering with 
drilling progress is 
assuming fully developed turbulence at the bottom of 
the hole. 

Elimination of h, between Eqs. 27 and 28 and sub- 
stitution in the equation, v = bna,k*, give an equation 
for the drilling rate with cuttings at the bottom and 
full turbulence. 


= 4bnas Uc! + ap’) + 
[(c’ + a’p’) /a’|{4bna,[a,/(c + a’p)P}* 
= ejfem) cy 


or 


is the ratio between the 


Vi iS the same equation except that HP becomes 
(HP)** and c, becomes c;. 


When HP > c,n/c,, 
Vin = bna,{[a,/(¢e + . . . (30) 


When the horsepower at the bit is reduced, the chip 
clearance time increases, more cuttings are retained, the 
tooth penetration and the drilling rate decrease. A critical 
condition arises when h, + k=h,. At this point the 
cuttings fill the space between the teeth to the root. The 
cones roll over the cuttings, and any further increase 
in the height of the cuttings produces an equal reduc- 
tion of tooth penetration (false tooth foundering). 


PETROLEUM TRANSACTIONS, AIME 


| 
| 
| 
| 
| 
| 
| 
| 
| 
| 


Ignoring the compression of the cuttings, we have the 
condition h, + k = h, to replace Eq. 27, and we find 
for the drilling rate 


— c,/c.n) 


assuming again that full turbulence persists during the 
foundering. If the horsepower is reduced still further, the 
fluid flow at the hole bottom becomes viscous and HP 
and c, in Eq. 31 have to be replaced by (HP)** and ¢,. 

Eq. 31 shows that during false tooth foundering the 
drilling rate is independent of the bit weight. 


Fig. 4 shows a plot of the various drilling curves for a 
hypothetical case. For a bit weight well below the true 
foundering weight, we have false tooth foundering 


between O and A. Point A is found from equating — 


vz, and vy, As the horsepower is increased, the drill- 
ing rate is vy, until Point B is reached. Between B and 
C, the drilling rate increases from vy; to vy;. At C the 
drilling rate is tangent to C. Between C and D the drill- 
ing rate increases slowly (vu;) and becomes constant 


(vu1) at D where the horsepower is sufficiently large to 


remove the cuttings between tooth impacts. 


At a much higher bit weight, false tooth foundering 
may persist into the transition zone (OA’B’). At Point 
B’, foundering stops and B’C’ is part of the transition 

_curve between vu, and vy, for that bit weight. At B 
and C, the drilling curves are tangent to the vy, and 
Vu; Curves for a particular bit weight. This requires an 
inflection point between B and C and explains the typical 
S-shape of this type of drilling curve, which has also 
been observed in field tests” (Fig. 5). 


THE EFFECT OF THE BIT WEIGHT 
In Fig. 6 the drilling rate is plotted as a function of 
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Fic. 4—Drittinc Rate vs Hyprautic HorsrpOWwER AT THE 
Bir (TuroreticaL Curves, Birt WEIGHTS). 
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bit weight only. If the horsepower at the bit is sufficient 
to ensure ideal clearance, the drilling rate is given by 
Eq. 30 which may then be written as v = AW’; the 
drilling curve is a parabola, the axis of which coincides 
with the v-axis and the apex is in the origin. If the 
horsepower is not large enough to remove all the cut- 
tings between impacts, the drilling rate is given by Eq. 
29 which may then be simplified to 


where A and B are constants. The drilling curves are 


ft/hy 


40- 


O 200 400 


—> HP 


Fic. 5—Driziinc Rate vs Hyprautic Horse- 
POWER AT Bit ror Formation Harpness INcREAS- 
Inc FRoM CurvE 1 To Curve 5 (FIELD 
Data, Rer, 5). 
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Fic. 6—Drittine Rate vs Bir Weicut ror Increasinc Harp- 
NESS FROM CuRVE 1 TO Curve 4 (THEORETICAL PLoT). 
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TIONS OF THE TRUE FounpERING WeiIcutT (THEORETICAL 
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still parabolas, but now the axis is inclined to the W-axis 
at an angle, Tan” AB, and the apex is located at 


W = — (1 + 2B) + BYP 


and 
yv=A/(1+ BY. 


If BW <<1, v ~ A(%BW)’ and for BW>> 1, 
vy ~ ABW. In hard formations (c large), B is much 
smaller than in soft formations; BW in hard formations 
remains smaller than unity for a much larger range of 
bit weights. This explains why V is proportional to W* up 
to high values of W if the formation is hard, whereas, 
at similar weights in softer formations, the V-W rela- 
tion is nearly linear. This different character of the drill- 
ing curves is confirmed by laboratory experiments 
(Fig. 7). It is also reflected by the empirical equation 
given in the literature. Gatlin is of the opinion that V 
=a+ bW (Ref. 5); Somerton found v = bW* (Ref. 
6); Bobo and Hoch quote the formula V = bW* (Ref. 
3) where k = 1 for shale and increases to 2.3 for 
quartzite. 


DRILLING RATE vs ROTARY SPEED 


Whether the drilling rate has to be computed from 
Eqs. 29, 30 or 31 or from the corresponding equations 
for viscous flow depends on the bit weight, rotary 
speed and hydraulic horsepower. If n < c,HP/c,, 
Eq. 30 is valid, assuming turbulent flow; and, the drill- 
ing rate is proportional to the rotary speed. As n is in- 
creased and becomes larger than c,HP/c,, the drilling 
rate is calculated from Eq. 29; at still higher rotary 
speeds, false tooth foundering starts and v is given by 
Eq 

Fig. 8 shows a hypothetical plot of v vs n for differ- 
ent fractions of the true foundering weight. The curves 
are similar to those determined by Schreiner and Gan 
Chzhi-Tsian,* which are reproduced in Fig. 9. 

In Fig. 10, the drilling rate is plotted against the bit 
weight for different values of n from the curves in Fig. 
8. For rotary speeds below 60 rpm, ideal clearance is 
assumed and the v-W curves are parabolas of Eq. 30. 
For high rotary speeds, v becomes nearly directly pro- 
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Fic. 9—Dritiine Rate vs Rotary Speep ror DirFereNT Bir WEIGHTS Data, Rer. 4). 
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LUEDERS LIMESTONE 


portional to W. Figs. 1la and 11b show some v-W 
curves reported in the literature. 


In this context, it is interesting to analyze the em- 
pirical relations v=a+bWn™ or v=a+bWn" 
which have been suggested in the literature.’ The data 
of Ref. 17 have been re-plotted in Ref. 5, and it is 
shown that the data points may be connected by a 
straight line if Wn’* is plotted along the x-axis. The 
same may be done by plotting v vs Wn°* (Fig. 12). If, 
however, the data points for which W was constant are 
connected, it becomes clear that we have a family of 
curves instead of a straight line (Fig. 13). A different 
set of curves is found when we connect the points for 
which n is constant (Fig. 14). Plotting the theoretical 
curves of Fig. 8 in the same way yields two groups of 
curves (Figs. 15 and 16) of the same shape as those 
derived from experimental data. The similarity between 
the experimental and theoretical curves in these and 
previous figures indicates that the significant factors in 
the drilling mechanism are properly accounted for by 
Eqs. 29, 30 and 31. 

It also is clear that the drilling rate is not directly 
proportional to the product of the bit weight and some 
power of the rotary speed. 


THE EFFECT OF THE DRILLING FLUID PRESSURE 


If the horsepower at the bit is large enough to pre- 
vent the accumulation of cuttings, Eq. 30 is valid and 
the drilling rate-is inversely proportional to (c + ap)’. 
At zero drilling fluid pressure, v is inversely propor- 
tional to the square of the cohesion of the formation. 
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It, on the other hand, the horsepower at the bit is 
extremely low (false tooth foundering), v is given by 
Eq. 31 (replacing HP by HP” and c, by c,). The co- 
efficient c, would be independent of the drilling fluid 
pressure if the unit work w is constant. It may well be, 
however, that this pressure causes the cuttings to ad- 
here to the bottom. In that case, w and hence c, in- 
crease with p, and v,;, decreases. Fig. 17 shows the 
effect of the drilling fluid pressure for different values 
of HP for a hypothetical case and assuming turbulent 
flow at the cutting surface. 


PRACTICAL APPLICATIONS OF THE DRILLING 
EQUATION 


If W is the only variable, we may write in the “nor- 
mal” drilling range (between ideal clearance and false 
foundering). 

V=AG/1+ BW —1)" 

where 4 and B are constants to be determined from two 
drilling rates, v, and v., at bit weights W, and W.. We 
find 

A= “%[(v.W, — v,W2)/(W/v; — 
and 

B= 4(v./¥, — viV/¥2) — / 

(Wa 2). 

In Ref. 5 (Fig. 3), the drilling rate v, = 3.14 ft/hr with 
W, = 800 1b, and v, = 5.65 ft/hr with W, = 1,200 Ib 
if the rotary speed n = 90 rpm. With the previous equa- 


tion, we find v = 2.8176[\/1 + 4.0403(10°W) — 1)’. 
Substituting W = 1,500 lb, the calculated drilling rate 
is 7.74 ft/hr, whereas the actual drilling rate at this 
bit weight was 7.84 ft/hr. 

As another example, consider the drilling test in Lued- 
ers limestone (Fig. 11a). For n = 213 rpm, v, = 6.3; 
W, = 158; v. = 14.7; and W, = 290. With these values 
we find for the drilling equation, 

v = 4.187[)/1 + 2.503(10°W) — I). 
Substituting W = 500, the calculated drilling rate is 30 
ft/hr, which checks with the measured rate of penetra- 
tion. 

If the rotary speed is the only variable, then the drill- 
ing equation becomes 

A’ 

— 


= 


ft/hr 
Z 


AS) 
(IN 1000 Ibs X RPM?) 


Fic. 14— Same as Fic. 12, Bur wita Points or Equa 
Rotary Speep CONNECTED. 


146 


where C’ is the rotary speed below which ideal chip 
clearance takes place. Because the rotary speed is usually 
much larger than C’, we may approximate the above 
equation by 

2 

where A’ and B’ follow from 


y= 


< 


Fic. 15—Dritiine Rate vs Ratio oF Bir WEIGHT 

AND FounprERING WEIGHT X SQUARE RooT 

oF Rotary SPEED. CONNECTING POINTS OF EQUAL 
Weicut Ratios (THEORETICAL CURVES). 
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Fic. 16— Same as Fic. 15, Bur ConnectTine 
Points or Equat Rotary Speep (THEORETICAL 
CurvEs). 
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Fic. 17—Dritiine Rate vs Pres- 
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Bir Horsepower (THEORETICAL CuRVES). 


(Vg = Va) 

Fig. 18 shows a plot of theoretical drilling curves (v 
vs n) drawn through two given points of an actual drill- 
ing curve and calculated from these equations. The cal- 
culated drilling rates do not deviate more than 5 per 
cent from the average field data. e 

The coefficients A, B, A’ and B’ are extremely sen- 
sitive to changes in the data points (v,,W,.; v.,.W., and 
M43 V2 M2). Consequently, small errors in their 
measurement may lead to considerable discrepancy be- 
tween calculated and observed drilling rates if the for- 
mulas are used for extrapolation. 


and 


THEORETICAL CONCLUSIONS — 


The concept of the drilling mechanism developed in 
this paper is a simplification of the actual, complex pro- 
cess of rock disintegration and drill cutting removal. 
The fact that the drilling curves derived from this con- 
cept agree with those plotted from numerous field and 


laboratory experiments justifies the conclusion that the © 


actual mechanism may be approximated by the equa- 
tions developed in this study. If this point is conceded, 
the following observations also are valid. 

1. Rock fracture under the teeth of a hard-forma- 
tion bit is usually preceded by plastic flow of the for- 
mation. 

2. The elastic stress state at the bottom of the hole 
prior to tooth impact has little effect on the depth of 
~ tooth penetration. 

3. As the strain imparted to the rock increases with 
the angle between the tooth faces and as the depth of 
penetration decreases, it follows that the highest drilling 
rate may be obtained with the smallest tooth angle which 
will provide sufficient strain to ensure fracture along 
the extreme flow lines (optimum fracturing) provided 
the tooth spacing remains the same. 

4, The effect of the pressure of a non-penetrating 
drilling fluid is twofold; it increases the strain required 
for optimum fracturing and reduces the penetration of 
the tooth. 

5. Friction between the penetrating teeth and the for- 
mation reduces the pressure available for rock defor- 
mation in a direction normal to the tooth face. 
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6. The plastic strains and stresses under a bit tooth 
are entirely different from those produced by triaxial 
compression tests. The two may be compared by means 
of equivalence considerations. 


7. For low bit weights, the drilling rate is approxi- 
mately proportional to the square of the bit weight; at 
higher bit weights, the relation tends to become linear. 
The harder the rock or the higher the mud pressure, the 
higher the bit weight at which this gradual transition oc- 
curs. 


8. At high rotation speeds such as are employed in 
turbodrilling, the drilling rate tends to vary directly 
with the bit weight; at low rotation speeds, it varies ap- 
proximately with the square power of the weight. 


9. The drilling rate increases with the rotary speed, 
but the higher the rotary speed the smaller the incre- 
mental response. 

10. The linearity between the drilling rate and the 
product of the bit weight and the rotary speed raised to 
some power, as assumed from observed drilling data, is 
only an experimental approximation for a limited range 
of the variables in the vicinity of an inflection point. 
The existence of such an inflection point may be dem- 
onstrated by connecting data points of constant rotary 
speed in the experimental plot; it is also predicted by 
the theoretical concept. 

11. For high values of the hydraulic horsepower at 
the bit nozzles (ideal clearance), the drilling rate is 
nearly directly proportional to the rotary speed and pro- 
portional to the square power of the bit weight. 


NOMENCLATURE 


,,4.,a, = formation and tooth constants 
A = cross-sectional area of the borehole 
c = cohesion of the rock (maximum shear stress 
along surface where the normal stress is 
zeTo) 
D = diameter of the borehole 
h = height of permanently deformed rock meas- 
ured along a tooth face 
h, = height of the cutting body retained at the 
bottom 
k = depth of tooth penetration in virgin rock be- 
low the original surface 
= positive constants in yield criterion 
m = ratio between length of tooth metal in con- 
tact with formation and D 


= 
3 
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Fic. 18 — Comparison BETWEEN THEORETICAL CURVES 
AND Fietp Data REF. 6. 
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n = rotary speed 
N, = flow value = tan’(45° + %p) 
p = drilling fluid pressure 
R = radius of curvature of an a-slip line (1/R = 
S = radius of curvature of a f-slip line (1/S = 
s = length measured along a slip line 
u,v = velocity of a deformed rock element in the 
momentary direction of an a- and #-slip 
line, respectively 
v = drilling rate 


vm = velocity of drilling fluid impinging on cutting 
a = angle between two extreme a-slip lines in the 
spiral region of the slip-line field 


B = semi-tooth angle 
de = natural plastic strain increment 
dX = positive parameter varying over the slip-line 
field 
¢@ = angle between the tangent to a point of the 
momentary a-slip line and a fixed direction 
(measured counter-clockwise) 
p = angle of internal friction of the formation 
(with subscript m, density) 
o = negative mean normal stress in plane flow 
o, = major principal stress 
tT = shear stress, chip clearance time 
HP = hydraulic horsepower at the bit 
a,@ = also used as parameters in the flow line co- 
ordinates 
ACKNOWLEDGMENT 


The author wishes to thank the management of the 
Union Oil Co. of California for permission to publish 
this paper. 


REFERENCES 


J. Cunningham, R. A.: “The Effect of Hydrostatic Stress on 
the Drilling Rate of Rock Formations”, MS Thesis, Rice 
Institute (1955). 

2. Murray, A. S. and Cunningham, R. A.: “Effect of Mud 
Column Pressure on Drilling Rates”, Trans., AIME (1955) 
204, 196. 

3. Bobo, R. A., Hoch, R. S. and Ormsby, G. S.: “Keys to 
Successful Competitive Drilling”, World Oil (1955) 140, 
No. 4, 113. 

4. Schreiner, L. A. and Gan Chzhi-Tsian: “Effect of Rota- 
tion Speed on Drilling Rate in Rock Bit Drilling”, Nef- 
tyanoe Khozyastvo (1956) 12, 13. 

5. Gatlin, C.: “How Rotary Speed and Bit Weight Affect 
eae Drilling Rate”, Oil and Gas Jour. (1957) 55, No. 

, 193. 

6. Somerton, W. H.: “A Laboratory Study of Rock Break- 
age by Rotary Drilling”, Trans., AIME (1959), 216, 92. 

7. Bredthauer, R. D.: “Strength Characteristics of Rock Sam- 
ples under Hydrostatic Pressure”, Trans., ASME (1957) 
79, 695. 

8. Handin, J. and Hager, R. V., Jr.: “Experimental Defor- 


mation of Sedimentary Rocks under Confining Pressure”, 
Trans., ASPG (1957) 41, 1. 


9. Robertson, E. C.: “Experimental Study of the Strength 
of Rocks”, Bull., Geol. Soc. of America (1955) 66, 1275. 

10. Hill, R., Lee, E. H. and Tupper, S. J.: “The Theory of 
Wedge Indentation of Ductile Materials”, Proc., Royal 
Soc., London (1947) A188, 273. 

11. Hill, R.: The Mathematical Theory of Plasticity, Lon- 
don (1956). 

12. Drucker, D. C. and Prager, W.: “Soil Mechanics and Plas- 
ie eth of Limit Design”, Qrtly. Appl. Math. (1952) 


13. Shih-I Pai: Fluid Dynamics of Jets, New York (1954). 


14. Binder, R. C.: Fluid Mechanics, New York (1955). 

15. Keating, T. W.: “A Study of Penetration Rates in Rotary 
Drilling” (Part I), Drill. and Prod. Prac., API (1956), 
163. 

16. Hughes Tool Co.: Catalogue No. 21 (1955-1956). 


17. Wardroup, W. R. and Cannon, G. E.: “How to Increase 
Your Drilling Rates”, Oil and Gas Jour. (1956) 54, No. 
52, 204. 


APPENDIX A 


The proper generalization of the Mohr-Coulomb rule 
in three dimensions is given by a linear function of the 
octahedral shearing and normal stresses. For instance, 


where m and n are positive constants. 
= + Oy + a.) = 
] 2 2 
J, = | lle. Co, — 05) + (on 
2 2 3 2 


According to the theory of plastic potential,” the plastic 
strain increment 


of 
= dx ? 
or 
des. = dd{m + [o, — (oy + and 


(dX is a positive parameter varying over the field.) As 
Eq. 33 reduces to the Mohr-Coulomb criterion for plane 
strain if de,, = de,, = de,, = 0, we can write 

des. = Yadd[3m + (oc, — /2V Fa; 

dey, = Yadd[3m — (a2 — oy) /2V 
and 


where J; = 3m'y, 


p 
V3 + sin’p 
and 
n = cv\/1 — 12m", By taking x and y parallel to the 
direction of the principal stresses, o, and o, 
\V/3 sin p V3 ) 
( 

2/3 + sin’ p 


de, = Ydr ( 


sin’p 
and 


As the slip lines make angles of 45° + % p with the 
direction of o,, the strains in these directions are 
deaa = = de,,cos’(45° + % ar 
The cosine of the angle between the line elements ds, 
and ds, in the strained state is 
= Y2 = {[ — cos? (45° + p) + sin’ 
(45° + % p)] + 2[— de,,cos’(45° + + densin® 


) a. (38) 


(45° +. % p)]} = sin 
V3 + sin’p 
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APPENDIX B 


DISPLACEMENTS IN ISOGONAL CURVILINEAR 
COORDINATES 


If, as is customary in plastic flow analysis, the velocity 
of the tooth is taken as unity, the penetration is equal 
to the time & since the start of the penetration of the 
tooth. 


The displacements of an element in the direction of 
the slip lines during a penetration dk of the tooth may 
be designated by udk and vdk, where u and vy are 
the velocities of the element in the momentary direc- 
tion of the slip lines referred to a fixed Cartesian co- 
ordinate system.” 


As Point A of element ds, moves to A’, Point B 


moves to B’. It follows from Fig. 19 that = 
0 v COS 
€ (u + vsin p) R (39)) 
COS 
des, = + usin p) — ak; (40) 
and 
u+vsinp 
déag = Y2 p + COS p 
v + usinp ov 
+ (E+ |b (41) 


“Combination of these equations with Eqs. 37 and 38 
shows that 


(u + vsin p) — = 0, 
usin p) = =0, (42) 
and 
u+vsino v+usinp + Fe) = 
ad \/3 cos p (=) (43) 
\V/3 + sin’p \ dk J 


The increment of cubical dilatation of an element may 
be expressed in the displacements udk and vdk along 
the slip lines by substituting Eq. 43 in Eq. 36. 
u + v SiN p 

R 


v + usin p ov Ou 
— dk 


d= de, + den = —tanp | 


. (44) 


APPENDIX C 


V, = N eratanp 
p 


aV 


An increment dk in the penetration and the corres- 
ponding displacement umndk cos p of the elements on the 
plastic-rigid boundary of Region III produces a volume | 
increase 


= 


The following is proof that 


hsin B sin p cos p dk 
[cos(45° + %p)] [cos (45° + ¥%p)] 
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Fic, 19—DispLacements ISOCONAL CURVILINEAR 


CoorDINATES. 
in pd. 
1 — sin p 
Similarly in Region I, 
: sin p 
I sin e 


In Region II, the volume increase due to strains in the 
elements on the plastic-rigid boundary is 
a 


= ak | Unludd h sin B 
‘ 
The volume increase from strain increments in Re- 


gion II due to the non-uniform velocity distribution may 
be computed as follows. The increment of cubical dila- 


Zatanp __ 


e 
2(1 — sin p) 


tation 
dA = sin p Cos p (vs < + tan p =. ) dt (45) 
(from Eq. 44) and with u = — v sin =0 and 
Piiasiak: AS Vn = vme**"’, Eq. 45 can be rewritten as 
B 
dd = sin p dk 


where r, iS the distance between the intersection of 
boundary AD with a f-slip line and Point A. 


A 
Eq. 46 shows that the dilatation rate a is constant 


along a f-line and increases in the direction of A. It 
also shows that, for elements near the contact of the 


dA 
dk 


The volume between two f-lines, a distance dr apart, 
rdr 


2tanp 
EVE = — V2 Vm COS p — 


lip and the wedge, 


becomes very large. 


is equal to (e****"* — 1):the volume increment, 


1) dkar, 


or 
eratane 1 
II = sin dk 
and 
dV, + + dV + dV, 


dV, 


2atanp 
= N,e 


kkk 
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Chromatographic Transport of Reverse-Wetting Agents 
And Its Effect on Oil Displacement in Porous Media 


ALAN S. MICHAELS 
MEMBER AIME 
ROBERT S. TIMMINS 


ABSTRACT 


A study of the effect upon oil recovery from an un- 
consolidated porous medium of chromatographic trans- 
port of selected reverse-wetting additives during water 
displacement is described. Flow tests were performed on 
hydrocarbon oil-saturated sand columns (containing con- 
nate water) into which small volumes of. short-chain 
aliphatic amine solutions were introduced during water 
flooding. Concurrently, measurements of oil-silica con- 
tact.angles, oil-water interfacial tensions and oil-water 
distribution coefficients were measured as a function of 
additive concentration. 

Certain treatments were found to cause a slight re- 
duction in oil recovery, while others produced a signi- 
ficant increase (up to 50 per cent of the normal irredu- 
cible minimum oil saturation). Recovery efficiency was 
correlated most satisfactorily with the maximum degree 
of reverse wetting produced during additive transport; 
conditions which resulted in only mild oil wettability of 
the sand reduced recovery, while those favoring strong 
oil wetting increased recovery. 

A mechanism of reverse-wetting additive action dur- 
ing chromatographic transport is developed which 
ascribes the results to transient changes in oil-solid con- 
tact angle during flow, with consequent release of oil 
trapped by capillary forces. Implications of these obser- 
vations with regard to improved waterflood efficiencies 
are discussed. 


INTRODUCTION 


The need for finding improved methods of oil pro- 
duction is amply illustrated by the large volume of oil 
considered economically unrecoverable by existing pro- 
duction practice. Water flooding has long been an ex- 
cellent method of secondary recovery. However, even 
in those areas of a formation which are well swept by 
a water flood, 20 per cent or more of the oil remains 
trapped within the formation and is not recovered. This 
trapping of oil within the pores of the rock structure 
results primarily from interfacial forces. If these inter- 
facial forces were altered, it is possible that the trapped 
oil could be released and recovered. 


Original manuscript received in Society of Petroleum Engineers 
office Aug. 17, 1959. Revised manuscript received Feb. 9, 1960. Paper 
vce at 34th Annual Fall Meeting of SPE, Oct. 4-7, 1959, in 
Dallas. 


150 


MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
CAMBRIDGE, MASS. 


The addition of surface-active agents to a water flood 
to alter the interfacial properties of the oil-water-solid 
system has received considerable attention as a method 
of increasing oil recovery. Studies of surfactant treat- 
ment have yielded varied and, in some cases, apparently 
conflicting results. Increased oil recovery using surface- 
active agents has been reported by a number of inves- 
tigators.*”*** Others have found that use of surfactants 
in a water flood either has no effect upon oil recovery 
or decreases it.*”*” Since surface-active agents tend to 
alter the formation wettability and oil-water interfacial 
tension simultaneously, several investigators have tried 
to determine the role these two factors play in oil recov- 
ery. Data have been presented which indicate that the 
most desirable condition for the solid surface is strongly 
water-wet.””" Other results indicate that, although 
breakthrough recovery may be less, the greatest ultimate 
recovery is obtained when neutral wettability prevails.°” 

The desirability of low interfacial tension seems to 
depend upon the wettability of the formation. Reports 
of higher recoveries, when the interfacial tension is high 
in a water-wet system and low in an oil-wet system,’™” 
are at Odds with reports of increased recovery. in water- 
wet systems when surfactants which decrease the inter- 
facial tension are added to the water flood.*** A review 
of previous work studying the effects of using surface- 
active agents in a water flood shows that these agents 
produce widely different effects and that opinions as to 
the role of the various interfacial properties are diverse. 
The consensus, however, is that the interfacial proper- 
ties are quite important in the displacement of oil from 
a porous medium by water. 

Even in those investigations where appreciable in- 
creases in oil recovery resulted from treatment with a 
surface-active agent, economic considerations generally 
made practical application of the treatment unattractive 
because surfactants tend to be adsorbed within the for- 
mation. This adsorption would necessitate using large 
quantities of surfactant if all of the flood water were 
treated to contain a given surfactant concentration, even 
if this concentration were quite low. 

Preston and Calhoun™ suggested that the principles 
of chromatography could be applied to the use of sur- 
face-active agents as a means of increasing oil recov- 
ery. A small volume of surface-active material is injec- 


1References given at end of paper. 
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ted into the formation and followed by water only. The 
water elutes the band of surfactant through the forma- 
tion; surfactant is desorbed at the upstream edge of the 
band and resorbed at the downstream edge of the band. 
{n this way the volume of surfactant required for treat- 
ment is greatly reduced. The tremendous sorptive ca- 
pacity of the formation is circumvented by sorbing, de- 
sorbing and resorbing a small amount of surfactant over 
and over again. The rate of travel of the agent through 
the formation is less than that of the flood water due 
to sorption of the agent. Therefore, surfactant treatment 
is still limited to agents which are relatively weakly 
sorbed within the formation. Agents which are strongly 
adsorbed will move through the formation very slowly 
and require many void volumes of water to be injected 
before any increased oil recovery can be realized. Re- 


cent work applying the principles of chromatography to — 


surfactant treatment has been encouraging and indicates 
that obstacles to the use of surface-active agents are not 
insurmountable.” 


The object of the present investigation was to study 
the effects on oil displacement from an unconsolidated 
porous medium by water of the chromatographic trans- 
port of a small volume of reverse-wetting agent injected 
into the medium, relating changes in oil displacement to 
changes in the surface properties of the system caused 
by the agent. A reverse-wetting agent is a surface-active 
substance which changes the natural wettability of a 
solid surface. In the present study, cationic surfactants 
(butyl, hexyl and octyl amines; hexyl amine hydrochlor- 
ide; and trimethyl butyl ammonium bromide) were used 
to cause normally water-wet silica to become oil-wet. 


EXPERIMENTAL PROCEDURE 


The solid, oil and water phases were prepared by the 
same technique for all tests, with the exception of the 
contact-angle measurements where a 
crystal was used as the solid phase. 

The solid phase was the 140 to 200-mesh fraction 
of a silica river sand which was carefully purified prior 
to use by (1) washing with concentrated hydrochloric 
acid, aqua ammonia and water, (2) treatment with so- 


dium tripolyphosphate to remove traces of clay and,~ 


finally, (3) treatment with hot chromic-acid cleaning 
solution followed by exhaustive washing with water. 
This treatment rendered it strongly water-wet and al- 
lowed reproducible behavior with respect to flow and 
equilibrium tests. 

The oil phase was a 6.0-cp mixture prepared from 
n-heptane and a highly refined mineral oil. These agents 
were washed with sulfuric acid, caustic and distilled 
water and percolated through a bed of silica gel prior 
to mixing to yield an oil which was virtually free from 
capillary active contaminants, Distilled water was used 
throughout the experiments. 

A brief description of the various experimental pro- 
cedures follows. 


ADSORPTION 

The adsorption of butyl amine on the 140 to 200- 
mesh silica sand at 30°C was measured by determining 
the change in concentration which occurred when aque- 
ous solutions of butyl amine were contacted by the sand. 


INTERFACIAL TENSION 
Measurements of the interfacial tensions between the 
oil and water phases, containing various amounts of sur- 
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factants distributed in equilibrium ratio between the two, 
were made with a DuNouy ring tensiometer. The meas- 
urements were carried out at ambient temperature 
(25°C): 

CONTACT ANGLES 


Contact angles between oil, water and silica were 
measured by Presti® using a captive-drop method with 
a cleaved quartz crystal as the solid phase. The variation 
of the contact angle with amine concentration was 
measured for butyl and octyl amines. Measurements 
were made at ambient temperature. The contact angle 
was measured through the water phase. Zero contact 
angle corresponds to complete wetting of the solid by 
water. 


FLow TESTS 


Glass columns, usually 2-ft in length, having an ID 
of 2 in. and packed with 140- to 200-mesh silica sand, 
were the porous media used in these tests. Tests were 
performed in an air bath at 30+1°C. All displacements 
were made using a constant volumetric flow rate coy- 
ering the range of 8.3 to 42 ft/day. The columns were 
packed under water and saturated with oil until they 
contained about 18 per cent connate water. Next, the 
sand packs were flooded with water only, and the de- 
saturation behavior was measured. The beds were re- 
saturated with oil until the initial oil saturation approxi- 
mately was reached, A second water displacement was 
then carried out in which a small, known volume of 
reverse-wetting agent was injected into the formation 
after 0.25 of a void volume (VV) of water had been 
forced into the bed. Water flow was continued, and its 
desaturation behavior was measured. A comparison be- 
tween the treated and untreated displacements showed 
the effects of the reverse-wetting treatment. This inter- 
nal comparison of two floods on the same column was 
found to be a much better measure of the effects of re- 
verse-wetting treatment than a comparison between two 
floods performed on different columns. Tests made in 
which the second water displacement received no treat- 
ment showed the desaturation behaviors of the first and 
second to be almost identical. The residual oil satura- 
tions of the first and second displacements differed, on 
the average, by less than 0.4 per cent of the void 
volume. 


RESULTS 


ADSORPTION 

The adsorption of butyl amine on silica sand from 
aqueous solution at 30°C can be described by a Lang- 
muir-type equation over the concentration range studied 
(0 to 0.01 mol/liter). 

127 (1) 
where m is the adsorption in micromoles amine per 
gram of sand and c is the concentration in moles per 
liter. 


m= 


INTERFACIAL TENSION 


The effects of butyl and hexyl amines on oil-water in- 
terfacial tension are shown in Fig. 1. In the butyl-amine 
system, phase separation disappears at a concentration 
somewhere between 9 and 10 mol/liter. Two phases are 
always present in the hexyl-amine system up to amine 
saturation (concentration in the water phase, 0.11 mol/ 
liter). 
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Fic. 1—Errect or AMINES ON OIL-WATER INTERFACIAL 
TENSION. 


CONTACT ANGLES 


Fig. 2 shows the effect of butyl and octyl amines on 
the oil-advancing contact angle in an oil-water-quartz 
system. An assumed curve for hexyl amine is shown 
also; it was drawn with a slope and a maximum inter- 
mediate between those of octyl and butyl amines. Octyl 
amine produces very strong wetting reversal, giving a 
maximum contact angle of 165° at concentrations above 
7 X 10% mol/liter. Butyl amine produces a maximum 
contact angle of 81° at a concentration of 0.14 mol/ 
liter. Hexyl amine is assumed to produce a maximum 
angle of about 125° at concentrations above 0.01 mol/ 
liter. 


DISTRIBUTION COEFFICIENTS 


The distribution coefficient of butyl amine (molal con- 
centration in oil phase per molal concentration in the 
water phase) varies from 0.22 at very low concentra- 
tions to 0.27 when the aqueous phase concentration of 
butyl amine is 0.7 mol/liter. The distribution coeffi- 
cient of hexyl amine increases from 2.7 at low concen- 
trations to 4.9 at an aqueous-phase concentration of 
0.11 mol/liter. 
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Fic. 2—Errect oF REVERSE-WETTING AGENTS ON THE 
Contact ANGLE. 


CHROMATOGRAPHIC BEHAVIOR 


The rate of movement of the surfactant band was 
determined by measuring the time of appearance of the 
agent in the effluent. The shape of the chromatographic 
band was obtained by measuring the concentration of 
the agent in the effluent as a function of throughput. A 
typical elution curve is shown in Fig. 5; the amine con- 
centration in the effluent rises sharply to a maximum 
(about 3 per cent of the input concentration) and then 
decreases, rapidly at first but later more slowly, lead- 
ing to a long period (2 to 3 VV) when a significant 
amount of amine is present in the effluent. This concen- 
tration-throughput pattern was quite similar for both 
butyl and hexyl amines. 


WATER DISPLACEMENTS 


Fifty-two displacement tests were made in which the 
effects of various treatments with trimethyl butyl am- 
monium bromide (TMBA Br), hexyl amine hydrochlor- 
ide, butyl amine, hexyl amine and octyl amine were 
studied. Table 1 shows the results of a representative 
series of tests in which 0.026 VV slugs were added to 


TABLE 1 — RESULTS OF FLOODING EXPERIMENTS WITH RCVERSE-WETTING AGENTS (FLOW RATE = 42 FT/DAY) 


Effect of Trtment. 


Oil Saturation 
Porosity Perm. Throughput (per cent VV) 

Col. (per cent) (darcies) Treatment* Initial Final (VV) (Sr — Sr) 

16 46.3 3.4 1F—None €2.2 16.4 4.29 Ol, 
2F—None 82.1 17.1 4.39 

34 46.4 3.4 1F—None 81.2 15.9 4.35 =0!3 
2F—0.5 N TMBA Br 80.7 16.2 4.35 

Al 46.5 5.7 1F—None 81.0 17.6 4.70 -0.2 
2F—0.5 NHH 80.5 17.8 4.70 

19 46.9 4d 1F—None £4.6 18.3 4.35 -0.7 
2F—0.013 N BA ~ 84.4 19.0 4.35 

18 46.4 4.7 1F—None 83.1 16.8 4.27 2:0 
2F—0.13 N BA 83.0 18.8 4.27 

38 46.7 5.3 1F—None 81.5 18.7 4.80 Sake 
2F—0.5 N BA 21.0 20.5 4.80 

6 47.3 5.1 1F—None 83.4 15.8 4.73 8.6 
2F—9.8 N BA 82.4 7:2 4.73 

43 45.8 5.1 1F—None 20.7 17.8 477 Sy 
2F—0.013 N HA 80.4 20.2 4.77 

Ad 46.2 AA 1F—None 82.0 17.9 4.87 
2F—0.11 N HA 81.3 13.3 6.02 = 

40 46.7 4.8 1F—None 81.7 15.9 4.80 3.0 
2F—0.5 N HA 4.80 

53 46.5 4.5 1F—None 81.0 16.3 4.82 
2F—7.2 N HA 80.9 6.3 6.80 ed 

54 45.2 3.2 1F—None 80.5 17.6 5.00 2.3 
2F—0.18 N OA 79.0 15.3 26.00 ; 


*HH = hexylamine hydrochloride, BA = butyl amine, HA = hexyl amine, CA = octyl amine, 1F = first flood, and 2F = second flood. 
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a flood where the flow velocity was 42 ft/day. Figs 3 
and 4 show the desaturation behavior of two treatments 
which are representative of the two types of behavior 
observed with reverse-wetting additives. Fig. 3 is typical 
of the treatments which led to decreased oil recovery. 
These are referred to as “weak reverse-wetting” treat- 
ments. The behavior of the weak reverse-wetting and 
untreated displacements is the same until shortly before 
the appearance of the agent in the effluent. When the 
agent begins to be produced in the effluent, oil produc- 
tion in the treated system becomes less than in the un- 
treated system. From this point until termination of the 
process, the oil saturation in the treated bed is always 
greater than that in the untreated bed. 


Fig. 4 is a typical example of those treatments which 
lead to increased oil recovery. These are referred to as 


“strong reverse-wetting” treatments. It is seen that both— 


treated and untreated systems are alike until shortly be- 
fore arrival of the agent at the outflow face. When the 
_-Surfactant appears in the effluent, oil production in the 
treated system is decreased. Low recovery continues for 
a short period, the length of which varies with the treat- 
ment; then, a sharp increase in oil production occurs. 
Higher production continues for some time, and the 
final oil saturation in the treated bed is up to 10 per 
cent lower than that of the untreated bed. 


DISCUSSION 


A simplified equation, which can be used to predict 
the relative rate of movement of a chromatographic 
band (R) from the physical properties of the system, 
was-derived following the method of DeVault® and its 
extension by Preston and Calhoun.” 


1 
R= 
PS 


This equation differs from that of Preston and Calhoun 


only by the inclusion of the term “. which accounts 


0 


for absorption in the oil phase, and in the use of the 


effective porosity, #S,,, instead of the total porosity, ¢. _ 


The relation between the experimentally measured 
values of R and those calculated by Eq. 2, for all addi- 
tives, is given by 
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Experimental studies of miscible displacement processes 
indicate that dispersive effects cause deviations from 
plug flow, which was assumed in deriving Eq. 2. Instead 
of having a sharp front, the main body of the solute will 
be preceded by a low concentration of agent which will 
be detected in the effluent and taken as band arrival. 
This leads to actual values of R higher than those pre- 
dicted by Eq. 2, as indicated by the data. It is likely that 
the constant 0.05 in Eq. 3 is a measure of the dispersion 
effects of the column. 


The attenuation of the surfactant band as it passes 
through the column is a consequence of dispersive ef- 
fects and of sorption of the agent. If dispersive effects 
alone were the major cause of the attenuation, investiga- 
tions of miscible displacement behavior indicate that, for 
a linear system, the greater the length of travel, the 
smaller will be the ratio of slug volume to system vol- 
ume that would be required to maintain a given maxi- 
mum concentration. This means that treatment becomes 
more efficient in longer systems. Sorption effects, how- 
ever, should not depend upon the size of the system. 
Studies of longer columns are needed to determine 
whether the slug-size requirements are dependent upon 
length of the system. 

It is seen from Table 1 that TMBA Br, hexyl amine 
hydrochloride and 0.013 N butyl amine do not signifi- 
cantly affect oil recovery. These treatments produce 
such feeble reverse wetting that waterflood behavior is 
unaltered. It is noted that, although a 0.5 N solution 
of hexyl amine hydrochloride produces an interfacial 
tension of only 9 dynes/cm, oil recovery is essentially 
unaffected by treatment with this solution. Treatment 
with 0.13 N butyl amine, 0.5 N butyl amine and 0.013 
hexyl amine decreases oil recovery. This decreased 
recovery does not seem to be caused by end effects 
because 1-, 2- and 4-ft long columns all showed the 
same percentage recovery decrease. Lower recovery 
resulting from reduced interfacial tension can not be 
accepted as an explanation. The 0.5 N hexyl amine 
hydrochloride produces an interfacial tension of about 
9 dynes/cm, but it does not affect oil recovery. The 
0.13 N butyl amine produces an interfacial tension of 
about 18 dynes/cm and decreases oil recovery by 2 per 
cent of the void volume. 

The decrease in oil recovery is best explained by 
the fact that these treatments cause weak wetting re- 
versal within the porous bed. At the time of arrival of 
the agent at the outflow face of the formation, the maxi- 
mum contact angle within the bed is 50° or less. The 
solid surfaces, being somewhat less hydrophilic, are 
more likely to trap oil droplets flowing through the for- 
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mation. This increased trapping results in a reduction 
in oil recovery. 

Eventually, continued flooding of the bed with water 
would remove the adsorbed additive and restore the 
initial water-wettability of the formation if adsorption 
were completely reversible. Return to water wetness 
should allow recovery of a portion of the oil trapped 
due to wetting reversal. Previous work with amines and 
amine salts indicates that a portion of the adsorption is 
such that continued washing with water will not be 
effective in completely removing the amine from the 
solid. Two tests using weak reverse-wetting treatments 
were made where the eluting fluid was changed from 
water to 0.01 N hydrochloric acid following appearance 
of the amine in the effluent. These tests gave residual 
cil saturations almost identical with those observed in 
tests where the second flood received no treatment at 
all. Apparently, the acid was effective in removing the 
adsorbed amine and restoring the formation to a water- 
wet state. 


Because there are probably hysteresis effects in the 
desaturation process in a porous medium, it is entirely 
reasonable to expect some permanent alteration in 
residual oil saturation as a consequence of transient wet- 
ting changes. The decreased oil recovery observed with 
weak reverse-wetting treatments is probably caused by 
a combination of this hysteresis and irreversible adsorp- 
tion of the treating agent. 


It is seen that treatments which cause weak wetting 
reversal are detrimental to oil recovery. Increasing the 
degree of wetting reversal does not increase the adverse 
effect. Quite to the contrary, treatments which cause 
strong reverse wetting can produce recovery increases 
up to 10 per cent of the void volume. The 9.8 N butyl 
amine, 0.11 N hexyl amine, 0.5 N hexyl amine, 7.2 
N hexyl amine and 0.18 N octyl amine fall into this 
category of strong reverse-wetting treatments. 


_ Fig. 5 shows the fraction of o:. and concentration of 
butyl-amine in the effluent as a function of throughput. 
The behavior shown is typical of all of the strong re- 
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verse-wetting treatments tested, with the exception of 7.2 
N hexyl amine which will be discussed later. Treated 
and untreated water displacements are identical with 
one another until shortly before arrival of surfactant 
at the outflow face of the bed. When the agent begins 
to appear in the effluent, the fraction of oil in the treated 
flood decreases sharply. The oil recovery remains low, 
while the concentration of surfactant in the effluent is 
increasing. When the surfactant concentration begins 
to decrease, the fraction of oil in the effluent increases 
rapidly. The increase brings it to a level well above that 
of the untreated system. The fraction of oil in the efflu- 
ent remains high for one void volume or more and, fi- 
nally decreases to very low values — values which are 
comparable to those of an untreated water flood. J 

This relationship between surfactant concentration 
and oil recovery leads to a hypothesis about the mech- 
anism of strong reverse wetting in increasing oil recov- 
ery. The events postulated to occur during the passage 
of a surfactant band through a porous bed containing 
trapped oil are described as follows. 


BAND ARRIVAL 


An oil droplet trapped under water-wet conditions is 
shown in Fig. 7(a). When the reverse-wetting agent ar- 
rives at a pore and the concentration of the agent be- 
gins to increase, the surface of the pore progressively 
becomes more oil-wet. Capillary forces will now favor 
movement of the droplet into the constrictions and tight 
places within the pore. The reverse-wetting agent also 
will decrease the oil-water interfacial tension. This fa- 
vors smearing of the oil droplet across the solid surface 
and unblocking of pore chemicals. The oil now has 
changed its position within the pore to that shown in 
Fig. 9(b). 


BAND PEAK 


Once the concentration of the agent has become suf- 
ficiently high to strongly reverse-wet the pores, oil flow 
through this region of high concentration is halted. Any 
oil entering the region from upstream would be trapped, 
owing to the increased affinity of the solid for oil. So 
long as wetting reversal remains at its maximum value, 
no oil flow will occur. This.is particularly well illus- 
trated by Fig. 6, where the broad peak of the band ex- 
tends over almost 0.7 VV. During the passage of this 
peak, the flow of oil was almost non-existent. It is noted 
that although the oil-water interfacial tension is re- 
duced to only 6.0 dynes/cm during the passage of the 
band peak, an insignificant amount of oil recovery is 
occurring. This tends to support the contention that 
reduced interfacial tension is not primarily responsible 
for the effects shown in reverse-wetting treatments. 


BAND ELUTION 


As the peak of the surfactant band passes the pore 
and the concentration of the reverse-wetting agent with- 
in the pore begins to decrease, the solid starts to return 
to its original water-wet, condition. Oil droplets, which 
had moved into constrictions and cracks and which had 
been smeared out along solid surfaces during the period 
of high surfactant concentration, now will tend to be 
displaced from the pores as water wetness returns. This 
is illustrated in Fig. 7(c and d). The important step 
in increased oil recovery is seen to be the return of the 
solid surface to its original water-wet condition. 

When the oil droplets are released from the pores, 
they are carried along by the flowing water phase. How- 
ever, since the band of reverse-wetting agent moves more 
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slowly than the eluting water, the released oil droplets 
soon catch up with the high concentration of surfactant. 
When the oil moves into the region of strong reverse 
wetting at the band peak, it will be re-trapped on the 
oil-wet surface. It remains trapped until the band moves 
further down the bed and the solid surface begins to 
return to water wetness. 


This cycle of release, re-trapping and release will lead 
to the building up of high oil concentrations at the back 
of the surfactant band. This high oil concentration can 
be considered a secondary oil bank. The oil bank will 
move through the formation at about the same speed as 
the peak of the surfactant band. In Fig. 9, an effort has 
been made to describe in graphic fashion the conditions 
which may exist within the moving surfactant band in 
a typical flooding operation. The curves were obtained 


by extrapolating data on the effluent back into the col- _ 


umn. Secondary oil banks were observed visually in 
the laboratory for ail strong reverse-wetting treatments. 
The arrival of the observed oil bank at the outflow face 
of the bed coincided with marked increases in the frac- 
tion of oil in the effluent. 


Treatments with butyl amine show increases in the 
fraction of oil in the effluent when the amine concentra- 
tion in the effluent decreases to between 0.2 and 0.3 
mol/liter. The fraction of oil in the effluent increases for 
hexyl-amine treatments when the amine concentration 
in the effluent decreases below-about 0.01 mol/liter. The 
contact-angle data in Fig. 5 shows that the contact 
angle in a butyl-amine system decreases rapidly at con- 
centrations below about 0.15 mol/liter. When the con- 
centration of hexyl amine falls below about 0.01 mol/ 
liter, the contact angle starts to decrease rapidly. This 
correlation, between the concentration at which the oil 
production increases and that concentration where the 
contact angle begins to decrease, is strong support for 
the hypothesis that increased oil recovery results when 
the solid reverts from oil-wet to its normal water-wet 
state. 

A recent paper by Wagner and Leach” shows that 
high oil recovery results when an oil-wet formation is 
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made water-wet during the course of a water flood. 
These findings are entirely consistent with the above 
explanation of the action of reverse-wetting treatments. 

The main effects observed in these experiments with 
reverse-wetting agents have been attributed to the al- 
teration in formation wettability which these agents 
cause. Reduced interfacial tension has been assigned a 
secondary role in the mechanism of displacement. Low 
interfacial tension undoubtedly plays a significant part 
— particularly in facilitating the alteration of the posi- 
tion of oil trapped within the pore during the period 
of oil wetness. Considering the very high recoveries ob- 
served in miscible displacement tests, it would seem logi- 
cal that, if the interfacial tension were made extremely 
low, increased recovery would result. Fig. 8 bears this 
out, showing the results of treatment with 7.2 N hexyl 
amine. Because of the limited solubility of hexyl amine 
in water, a surfactant band with a broad peak is pro- 
duced. Behavior of the treatment flood, up to a time 
shortly after appearance of amine in the effluent, is simi- 
lar to other reverse-wetting treatments. 


When the concentration of amine in the efflucnt 
reaches about 0.01 mol/liter, however, the fr2cuon of 
oil in the effluent begins to increase; it has exceeded that 
of the no-treatment flood when the effluent concentra- 
tion has reached 0.045 mol/liter. The oil recovery re- 
mains high so long as the amine concentration is above 
about 0.045 mol/liter. High oil recovery at high amine 
concentrations is the direct opposite of the effects pre- 
viously noted with reverse wetting. A secondary recov- 
ery mechanism has become operative due to the low 
interfacial tension produced by this concentration of 
hexyl amine. 

The minimum interfacial tension of the effluent oil 
and water produced by any of the other reverse-wetting 
treatments was 2 dynes/cm. The treatment with 7.2 N 
hexyl amine produces amine concentration in the effu- 
ent as high as 0.07 mol/liter. Fig. 1 shows that the 
interfacial tension for this concentration of hexyl amine 
is less than 0.5 dyne/cm. The low interfacial tension re- 
duces the capillary forces to such an extent that water 
is able to force the oil through the formation to re- 
covery. Thus, in the region from 1.5 to 3.5 VV (Fig. 
8), reduced interfacial tension is responsible for the in- 
creased oil recovery. As the concentration of amine in 
the effluent decreases, the fraction of oil in the effluent 
drops sharply to a low value. The interfacial tension has 
increased in this region, but the solid remains oiJ-wet. 
The amine concentration continues to decrease and, 
when it reaches about 0.013 mol/liter at 4.7 VV, the 
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fraction of oil in the effluent begins to increase a sec- 
ond time. This is the concentration region where the 
contact angle begins to decrease and the solid starts to 
revert to its normal water-wet condition. This second 
increase in oil recovery corresponds to the previously 
discussed effects of strong reverse-wetting treatment. As 
in other strong reverse-wetting treatments, an oil bank 
was seen to build up and move slowly through the for- 
mation. It reached the outflow face at the time of the 
second increase in oil recovery. 

The range of displacement rates of 8.3 to 42 ft/day 
for the flow tests herein described was selected in an 
effort to minimize end effects and to properly scale hy- 
drodynamic and viscous forces, consistent with accepted 
Buckley-Leverett scaling principles, It is recognized that 
these flow rates far exceed those normally encountered 
in reservoirs being water flooded and, thus, that viscous 
drag on trapped oil elements in the (rather large) chan- 
nels of the coarse sand packs used may have had a 
significant effect upon the oil-displacement efficiency. 
While no significant effect of flow rate on displace- 
ment efficiency was noted within the ranges studied, the 
response of such beds to treatment, employing flow rates 
one to two orders of magnitude lower than those studied 
here as well as the performance of low-permeability un- 
consolidated and consolidated porous media, must be 
examined before the postulated oil-recovery mechanism 
can be defended with confidence. 


CONCLUSIONS 


1. Treatment of a water flood with a small volume of 
an agent which produces a weak reverse wetting (con- 
tact angles from 20° to 50°) will slightly decrease oil 
recovery. 


2. Treatment of a water flood with a small volume of 
an agent which produces strong reverse wetting (con- 
tact angles greater than about 60°) will cause as much 
as 65 per cent of the normal residual oil to be recov- 
ered. 

.3. Studies of the wetting and chromatographic °be- 
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havior of reverse-wetting treatments indicate that the 
mechanism of oil recovery is dependent upon the tran- 
sient changes in the wettability of the solid surface. As 
the surface becomes oil-wet, the trapped oil shifts its po- 
sition within the pore structure. When the surface re- 
verts to its original water-wet state, the oil is now in a 
position to be released and carried out of the forma- 
tion by the flood water. 

4. Interfacial tension reduction is not primarily re- 
sponsible for increased oil recovery in reverse-wetting 
treatments unless extremely low interfacial tensions are 
produced. Treatments which reduce the interfacial ten- 
sion below 1 dyne/cm show two distinct periods of in- 
creased recovery. The first recovery increase occurs 
when the treatment has reduced the interfacial tension 
below 1 dyne/cm. A period of low recovery is followed 
by a second period of increased oil recovery. This sec- 
ond period of increased oil recovery occurs because the 
formation surface reverts to its original water-wet state. 


PRACTICAL APPLICATION 


The question of practical application of reverse-wet- 
ting agents to increase oil recovery can not be answered 
directly by these tests, which were performed under 
highly idealized conditions. Under the test conditions, 
however, the ratio of additional oil recovered to sur- 
factant injected was about 120 (bbl additional oil: bbl 
pure amine) for the most favorable cases. This would 
indicate that the economics of the treatments tested are 
marginal. More extensive work must be done to deter- 
mine the behavior of large, natural rock formations and 
representative crude oil-brine systems. 


NOMENCLATURE 


¢ = concentration in aqueous solution, mole/ 
liter 

c; = concentration of surfactant in the injected 
slug, mole/liter 


f(c) = functional notation for adsorption iso- 
therm, grams surfactant/gram solid 

m = absorption, micromoles amine/gram sand 

R = relative rate of advance of Sued edge 


of surfactant zone 
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S,, = residual oil saturation for water flood re- 
ceiving no treatment per cent void vol- 
ume 

S,, = residual oil saturation for water flood re- 
ceiving surfactant treatment, per cent 
void volume 

S, = oil saturation, per cent void volume 
S,. = water saturation, per cent void volume 
TMBA Br = trimethyl butyl ammonium bromide 
VV = void volume 
a = distribution coefficient, molal concentra- 
tion in oil phase/molal concentration 
in water phase 
? = contact angle, degrees 
pe = density of solid, grams/centimeter 
o = interfacial tension, dynes/centimeter 


= porosity 
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The Diffusional Behavior and Viscosity of Liquid Mixtures 


ARTHUR W. ADAMSON 


ABSTRACT 


A model for transport processes in liquid mixtures 
is discussed which supposes that the elementary act in- 
volves a position exchange between two species and that 
the exchange is so confined by the solvent cage as to oc- 
cur nearly isosterically. The rate-determining step, thus, 
is likened to a bi-molecular reaction and is so treated, 
using absolute rate theory. The cage model has been 
applied to diffusion, thermal diffusion, sedimentation 
and viscosity, but only the first and last of these phe- 
nomena are emphasized in the present paper. 


The model leads to semi-empirical relationships be- 
tween the absolute value for a diffusion coefficient and 
the activation energy for diffusion, between mutual and 
self-diffusion coefficients and for the variation of the vis- 
cosity of a binary mixture with composition. These are 
discussed in relation to experimental data for various 
systems, including hydrocarbon mixtures. 


It is shown that the proposed viscosity equation and 
seven other commonly used ones all may be regarded 
as special cases of a single general relationship; a brief 
critical analysis is made of the basis of selection of one 
or the other for data fitting or interpolation. 


INTRODUCTION AND GENERAL THEORY 


The present paper covers a brief discussion of a cage 
model for transport processes in liquid mixtures and 
how this model may be useful in treating the diffusional 
behavior and the viscosity of such systems. Since diffu- 
sion requires the more detailed treatment, it will be 
taken up first, and the model then applied to viscosity. 


There are two types of diffusion coefficients that may 
be measured experimentally, apart from thermal diffu- 
sion quantities. The first is the mutual or binary diffu- 
sion coefficient, D,., which may be defined in terms of 
Fick’s first law. 


This states that the permeation, or flux P, is propor- 
tional to the concentration gradient. In the usual experi- 
ment, P is measured relative to a frame of reference 
fixed with respect to the medium (e.g., the diaphragm 
in a diffusion cell); as a consequence, the same value 
of D, is obtained regardless of whether P and C refer 
to Component 1 or to Component 2; i.e., there is only 
one independent mutual diffusion coefficient for a binary 
system. 


In addition to D,,, there will be various self-diffusion 
coefficients. 


Original manuscript received in Society of Petroleum Engineers 
office, Sept. 18, 1959. Revised manuscript received Feb, 4, 1960. 
Paper presented at the AIChE-SPE Joint Symposium on Non- 
equilibrium Fluid Mechanics, May 17-20, 1959, in Kansas City, Mo. 
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defined in terms of the gradient in labelled species i and 
its permeation in an otherwise uniform medium. 


The thermodynamic approach to mutual diffusion 
supposes that the actual driving force is the gradient of 
the chemical potential, i.e., that 


In the case of a dilute solution of solute, Eqs. 1 and 3 
lead to the Einstein equation, 

If the solution is ideal and the friction coefficient is 


taken to be 6zyr, then the familiar Stokes- Einstein 
equation results. 
Mutual and self-diffusion coctvicne can not be re- 
lated on general thermodynamic grounds; it is necessary 
to invoke some additional assumptions, i.e., a model; 
several such have been proposed. Hartley and Crank’ 
supposed the existence of separate, intrinsic diffusion 
coefficients (D, and D.) for each component, essentially 
corresponding to the two self-diffusion coefficients. The 
two flows can not be independent, however, but must 
be coupled through the usual restriction that there be 
no net volume flow. For an ideal solution, one then 
obtains’ 


Glasstone, et al,’ treated diffusion in terms of absolute 
rate theory, but their approach otherwise resembled the 
previously mentioned one in that each species was con- 
sidered to move with respect to the general medium in 
a manner determined by its individual jump distance 
and specific rate constant. For other than dilute solu- 
tions, a coupling of flows leading to an equation such 
as Eq. 6 would again be present. However, as required 
by Eq. 6, one does expect that the self-diffusion coeffi- 
cient for the solute and the mutual-diffusion coefficient 
for the system become identical at infinite dilution. 


Lamm* recognized that there should be three distinc- 
tive interactions in a two-component system—1-1, 1-2 
and 2-2 —and, therefore, proposed three rather than 
two fundamental friction coefficients. Mutual diffusion 
resulted from 1-2 interactions only, and self-diffusion 
resulted from 1-2 plus either 1-1 or 2-2 interactions. 
Again, a collective coupling between all motions was 
imposed to meet the condition of no net volume flow. 
Laity’ has shown how to convert the Onsager equations 
to a form very similar to Lamm’s. 


CaGE MopDEL For DIFFUSION 


Work in this laboratory on diffusion in aqueous su- 
crose solutions made it apparent that three, rather than 
two, interactions were indeed needed,° but considera- 


1References given at end of paper. 
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tions discussed elsewhere”’ led us to suppose that each 
pair-wise interaction was so confined by the solvent 
cage that it occurred with local conservation of volume. 
In this respect, our approach resembled that of Rice,° 
who discussed the thermodynamics of irreversible pro- 
cesses in terms of a small elementary unit of medium 
in which all changes were confined. 

More specifically, however, the assumption was made 
that two species inter-diffuse by a mutual rotation or 
sliding past each other and that the process could be 
treated in terms of absolute rate theory. This elementary 
act is illustrated schematically in Fig. 1; since the ex- 
change of position is taken to be isosteric, the two jump 
distances turn out to be related by the equation, 

= 


For an ideal solution, the forward and reverse per- _ 


meations are then 
—> 
P, = + 


P, = kuC.(C, + AwdC,/dx) 


The mutual-diffusion coefficient, obtained by inserting 
the expression for the net permeation into Eq. 1, is 
then 


(7) 


D 8 
for an ideal solution, or, in general, 
12 
D, = (9) 


VAC 
where Nie = = 
For a three-component system, the general expression 
“became 
dC; 
As was the case with Lamm, self-diffusion is then 
treated as a special case of a three-component system 
by allowing two of the species to have identical proper- 
ties and stipulating that there be no concentration gra- 


CAGE MODEL 


Fic. 1—Positron ExcHance Between Two Mo.ecuLes — 
Cace MopeEt. 
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dient in the non-labelled component. This leads to the ~~ 


relationship, 


and to a corresponding one for the first species. Self- 
diffusion thus appears as the sum of effects due to in- 
terchange between labelled and non-labelled molecules 
of the same species (given by D.,) and to interchange 
between labelled species and the other component. As 
an approximation, D,, may be related to the self-diffu- 


sion coefficient of the second pure liquid, D°., so that 
a semi-empirical form of Eq. 11 is 
The corresponding equation obtained by Lamm was ‘ 


The corresponding approximation from Laity’s equa- 
tions differs from Eq. 13 only in that F, is replaced by 
Ne 

The same cage model has been applied to thermal 
diffusion and to sedimentation as well as to viscosity 
but, for lack of space, only the last phenomenon will 
be discussed here. 


VISCOSITY 

The viscosity of a pure liquid was treated quantita- 
tively by Glasstone, et al,’ on the basis that the tran- 
sition state involved a position exchange between a 
molecule and a hole. Bondi’ considered that more of a 
concerted motion of two molecules was involved, and 
this point of view was extended qualitatively by Moore, 
Gibbs and Eyring.” This is also the picture provided by 
the cage model in that the transition state is viewed as 
involving two molecules in the act of exchanging posi- 
tions, with the transition-state volume somewhat greater 
than that normally occupied by a molecule but less than 
the full molecular volume. 

Consider two layers separated by a molecular dis- 
tance A, and moving relative to each other with a ve- 
locity Av as the result of a force X per unit area. The 
viscosity coefficient is then defined as 


In addition, the forward and reverse permeations will 
be modified by an activation energy increment given by 
the product of X and A, acting over the distance X,,/2. 


This leads to the net permeation in the plane of the 
layer, 


and to a corresponding layer velocity P, AV+ 


where AV? is the activation volume. 
The viscosity is then given by 
According to Eq. 12, the self-diffusion coefficient for 
a one-component system is 


so that, in combination with Eq. 19, one obtains 
DF RT/k,, av, = RT/aV, AS) 


The approximate form of Eq. 21 is obtained by equat- 
ing the two k,,.’s, which implies that the activation en- 
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érgies and entropies are the same in viscosity and self- 
diffusion; an identical relationship was obtained by 
Glasstone, et al,’ except that a was implicity taken to be 
unity because the picture was that of a molecule ex- 
changing position with a hole. 

To extend this treatment to the viscosity of a mixture, 
it is necessary to make some assumption as to what 
quantity is additive. We assume that the force acting on 
the ith molecule is XA; and, then, obtain the quantities 
Av,;/A;; for the velocity components arising from the 
various interactions. If these are taken to be additive, 


X/7 DAV, 
the final expression can be put in the form, 


Here, ¢,, and ¢,, denote the fluidities attributed to 1-1 
and 2-2 interactions, and ¢,, replaces a collection of 
constants having the dimensions of fluidity and corres- 
ponding to the contribution of 1-2 interactions. In gen- 
eral these fluidities should vary with composition, but 
the simplifying assumption can be made that ¢,, and 
dx are equal to ¢° and $8, the respective values for 
the pure liquids, and that ¢,. is a constant. 
Eq. 22 then becomes 

and resembles the commonly quoted’”” relationship 

log = N log n° + 2 N.N; logy: + Nj log (24) 
in that both recognize three pair-wise interactions. It 
differs, of course, in that fluidities rather than energies 
have been taken to be additive and in that the present 
treatment introduces volume rather than mole fractions 
as the natural composition variable. 


APPLICATIONS TO DIFFUSION 


RELATIONSHIP BETWEEN DIFFUSION 
COEFFICIENT AND ACTIVATION ENERGY 


The equation for the mutual-diffusion coefficient (Eq. 
8) contains a specific rate constant, k,», which is given 
by 

= AKT exp. (25) 
where AF° denotes the free energy of activation. If 
the activation energy is known experimentally along 
with D,., one then has 

exp. (AS?*/R) = 

Ve De 
(ekT/n) exp. (— E,/RT) 


(26) 


(the volume ratio comes in as a result. of converting 
from mole fraction to concentration units). Some cal- 
culated values of A, exp. (AS®° /2R) are summarized 
in Table 1, and it is seen that they are quite reasonable. 
As also noted by Glasstone, et al,’ a small positive 


value for AS°” seems indicated in the case of water 
self-diffusion. 


If a value for X., exp. (AS° */2R) of about 1.4 A° is 


TABLE 1 — CALCULATIONS BASED ON EQ. 26 


Diz X 10° 
(cm? /sec hose 48° 
System ot 25°C) (Kcal) (°A) Reference 

CeHsOH in CH3s0H 1.60 3.15 1.72 24 
CeHsOH in CeHs 1.67 3.08 1.94 24 
CoH2Br4 in CoH2Cl4 0.55 3.37 1.38 24 
Bre in CS: 3.14 1.54 0.74 24 
Sucrose in H2O 0.523 4.6 2.9 55.25) 
225 4.6 5.6 26 
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taken to be representative for non-associated systems of 
small molecules, one obtains a semi-empirical relation- 
ship D,, at 25°C and the activation energy for duffusion. 

log = —2.85—0.73 E, (Keal) (cm*/sec) . (27) 


This approximation, for example, appears also to 
apply to hydrocarbon systems. Thus, the activation 
energies calculated by means of Eq. 27 for the self- 
diffusion of the normal C-5, C-6, C-7, C-8, C-9, C-10 
and C-18 hydrocarbons agree with those found by 
Douglass and McCall,” with an average error of 0.24 
Kcal, much of which is due to a seemingly anomalously 
high value of E, for n-decane. Since the experimental 
values were obtained by means of the spin echo NMR 
technique, it will be of interest to supplement them with 
direct measurements. We have recently obtained the 
value 0.73 X 10° cm’/sec for the self-diffusion coeffi- 
cient of n-dodecane at 25°C, and the predicted E, value 
of 3.1 Kcal can be checked when temperature coeffi- 
cient data are available. 


The fact that Eq. 27 applies even approximately to 
hydrocarbons means that the jump distance is only 
slightly dependent on the chain length, as would be the 
case if only two or three CH, links were involved at 
a time. Consistent with this, the E, values for isopen- 
tane and cyclopentane calculated by Eq. 27 from the 
self-diffusion data of Fishman™ are too small—2.0 and 
2.3 Kceal, respectively — as compared to the observed 
values of 2.45 and 3.27. 


VARIATION OF DIFFUSION COEFFICIENTS 
WITH COMPOSITION 


Eq. 12 allows a calculation of the self-diffusion 
coefficients for the components of a binary mixture as 
a function of composition if the mutual-diffusion co- 
efficients are known. As an illustration, the data of 
Johnson and Babb” for the carbon tetrachloride-benzene 
system are shown in Fig. 2; it is seen that the values for 
the benzene self-diffusion coefficients calculated by 
means Of Eq. 12 agree well with the experimental 
values (average deviation 0.8 per cent). The Lamm 
equation (Eq. 13) gives the dotted line and an average 
error of 8.5 per cent. The difficulty with the Lamm 
equation is largely remedied, however, if D°.. in Eq. 14 
is modified by the factor (7°./n) as was done in Eq. 
12. Thus, it is not easy to distinguish empirically 
between the two models. 

Neither Eq. 12 nor Eq. 13 works so well with asso- 
ciated systems, undoubtedly because it is necessary to 
calculate the thermodynamic factors, A; or B,, with- 
out knowing what the actual molecular species are. 
Alternatively, to fit the data for such systems (e.g., 
aqueous sucrose or ethanol-benzene), it is necessary 
to introduce empirical association and solvation num- 
bers.” 

As an example of the application of Eq. 12 to a 
hydrocarbon system, the presently available data for 
n-octane n-dodecane mixtures at 25°C are shown in 
Fig. 3. The open circles represent data obtained in this 
laboratory, using the diaphragm cell technique. The 
self-diffusion value for pure n-dodecane was obtained 
using C™ labelled material, and determinations of its 
concentration were made by means of a liquid scintilla- 
tion counter. The full circle is from Ref. 14. The dotted 
lines represent the calculated variations for Ds and 


De ; this prediction is being tested now. Complete data 


for. the C-8—C-12 system shows excellent agreement 
with Eq. 12. 
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Fic. 2—Carspon TETRACHLORIDE-BENZENE System (25°C). 

Lower Line = Mippre Line = AND 

CALCULATED SELF-DIFFUSION COEFFICIENTS FOR BENZENE; AND 

Dottep LINE = SELF-DIFFUSION COEFFICIENTS CALCULATED BY 

THE Lamm Equation. OrpiInaATE = D x 10° (cm’/sec) ; 
AsscissA = Mote Fraction CC],. 


VISCOSITY OF MIXTURES 


VISCOSITY AND DIFFUSION 


The usual procedure for estimating the diffusion 
coefficient of a species in dilute solution makes use of 
the-Stokes-Einstein equation (Eq. 5) and, thus, invokes 
the viscosity of the pure solvent and an estimated 


(0) 0.2 0.4 0.6 0.8 | 
Fic. 3—n-Dopecane n-Octane System (25°C). Top AnD 
Borrom Eines = CALCULATED VARIATION OF N-OCTANE AND 


N-DODECANE SELF-DIFFUSION, RESPECTIVELY; OPEN CIRCLES = 

EXxpeRIMENTAL D,, VALUES; CLOSED Circle VALUE FROM Rer. 

13; AND TRIANGLES = EXPERIMENTAL VALUES FOR N-DODECANE 

SELF-DIFFUSION. ORDINATE = D X 10° (cm’/sec); ABSCISSA = 
Mote Fraction Cy. 
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equivalent spherical radius for the solute. This repre- — 
sents a first-order approximation, however, because 
solute-solvent interactions are neglected. Thus, not only 
may the radius be difficult to estimate if solvation effects 
are important, but its value may change from one 
solvent to another, As an example, the product of Dy 
for iodine varies considerably from one solvent to 
another.” 

Since diffusion data are more difficult to obtain than 
viscosity data, it would be desirable to estimate the 
effect of solute-solvent interactions on diffusion rates 
from viscosity measurements. A study of the cage 
model leads to the expectation that there should be 
some correlation between the viscosity interaction para- 
meter (d.2) in Eq. 23 and the mutual diffusion coeffi- 
cient (D,.); this possibility is currently under investi- 
gation. It is perhaps significant that a correlation has 
been noted empirically, in the case of electrolyte solu- 
tions, between the mobility of an ion and its viscosity 
contribution.” 


VISCOSITY OF BINARY MIXTURES 


The cage model predicts that the viscosity of a binary 
mixture should follow Eq. 23 to the extent that the 
simplifying assumptions can be expected to hold. An 
examination of 12 systems representing a wide variety 
of types is reported in Table 2; it is seen that Eq. 23 
is valid to within about 5 per cent on the average and 
to within about 2.5 per cent if highly associated sys- 
tems are omitted. This is about as good as can be 
expected. 

There are, however, a large number of empirical and 
semi-empirical equations that work about as well, de- 
pending on the selection of systems tested. Consequently, 
the present model has little advantage to offer in this 
area, Some general observations concerning these other 
equations are summarized in the next section. 


EMPIRICAL AND SEMI-EMPIRICAL 
VISCOSITY EQUATIONS 


It is of interest to note that many of the empirical 
and semi-empirical viscosity equations for mixtures can 


TABLE 2—EMPIRICAL PERFORMANCE OF VARIOUS VISCOSITY EQUATIONS 


System Choice of Average Per Cent Deviation 
(25°C) Reference O(n) x From St. Line From Eq. 29 
H.B* 27 log 7 iz 8.6 0.2 
0.4 
EF* 27 log n F 13 0.9 
F 7 6.7 
LD* 27 log 7 F 0.5 0.5 
F 31 4.8 
CC14-Benzene 28 log 7 F 0.7 0.2 
N 0.2 0.2 
g F 0.8 0.3 
Ethyl! Benzoate- 20 log 7 li 6.0 0.6 
Benzene N 4.4 0.6 
? F 7.8 0.2 
Ether-Benzene 29 log 7 F Dee 2.2 
N 2.1 
F 8.9 PASS 
Benzyl Benzoate- 20 log 7 fa 9.2 1.6 
Benzene N Fad 2.6 
F 65 5 
CHsOH-H20 29 log 7 F 43 3.7. 
N 39 14 
’ F 82 12 
Acetone-H2O 23 log 7 F 40 2.8 
N large large 
0) F 100 22 
Acetone-CHC12F, 30 log 7 F 30 9.9 
— 80°C N 30 9.9 
a) F 44 12 
CoH5sOH-Benzene 29 log 7 F 8.0 3.0 
6.4 
-Hexane log F 1.1 
CC14-He 
0) F 7.6 0.6 


*Heavy hydrocarbon oils: H—solvent extract, viscosity at 100°F 187.9 
centistokes; B—solvent-refined oil, viscosity 221.2; E-—raw distillate from 
naphthenic crude, viscosity 392.1; F—same, viscosity 31.9; L—acid-treated 
paraffin-base oil, viscosity 100.3; D—raw distillate from naphthenic crude, 
viscosity 21.45. 
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be regarded as one or another special case of a single 
general equation based on the supposition that all inter- 
actions are pair-wise. This may be written for a system 
of g components, 


q qd 

O(n) = O(n?) + XX; (28) 

q i=1j=1 
where © denotes some function of viscosity which is 
taken to be additive and X equals the composition var- 
iable. In this equation, the 7°’s are the viscosities of the 
pure liquids and the 7;,’s, the interaction viscosities. For 

two components, Eq. 28 reduces to 
O(n) = + + XO(n?), (29) 


Interestingly, Eq. 29 is likewise obtained if the two 
liquids being mixed are themselves mixtures; in other 
words, mixtures of any two liquids (chemically pure or 
not) can be regarded as binary in type for the present 
purpose. 


CASE 1—“IDEAL” RELATIONSHIPS 
Straight-forward algebraic manipulation shows that, 
if O(n») = ¥%2[O(n?) + O(y?)] , then Eq. 29 reduces 
to the form, 


Thus, if the interaction viscosity is a function average 
of the values for the two components, the viscosity of 
a mixture should lie on a straight line if (7) is plotted 
against X. 
Examples of such ideal laws would be the Arrhenius 
equation.” 


Here, 6(7) is taken to be the logarithm of the viscosity, 
and X to be mole fraction. Alternatively, Bingham’s 
equation,” 


corresponds to fluidity as the chosen function ©, and X 
to be volume fraction. Kendall and Monroe” took 6(7) 
to be 7”, and X to be mole fraction. 


13 __ 


2 
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Fic. 4—Errect or Cyoice Q(7). Line 1 = Varration As- 
SUMED TO BE LINEAR IN 7°; Line 2 = Linear IN Loc n; AND 


Line 3 = Linear IN 
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The use of the ASTM viscosity temperature charts 
for interpolations amounts to assuming an ideal mixing 
law, with O(7) = log 7. 

The empirical effect of various choices for O(7) is 
illustrated in Fig. 4. Thus, a plot of 7 vs X will be in- 
creasingly concave, depending on whether the variation 
is taken to be linear in 7”, log n or ¢. Since most 
binary systems do, in fact, give slightly concave 7-vs- 
composition plots, it is clear that Eqs. 31, 32 and 33 all 
will have some success, Any choice between them will 
depend more on the accidental selection of systems to 
be tested, however, rather than on any fundamental 
correctness because all three assume the interaction 
parameter to be some mean of the viscosities of the 


12 
or = % (6° + $$). Such a restriction can 
not be expected to be generally valid. 

The empirical effect of various choices of the compo- 
sition variable X may be treated as follows. If x de- 
notes the additive property being used to formulate 
composition, x will be related to the weight w, the 
moles n or the volume v of the component by suitable 
proportionality constants. 

X, = = etc. 
and 

= . . ete. 
The composition fraction X, may be expressed in terms 
of W, N or F, the corresponding weight, mole or vol- 
ume fractions. 

+ = etc., 


II 


or 
X, = Wi/(W, + 

Thus, the general relationship between X and some 

other composition variable, P, is 


X, = P,/(Pi+ X2= aP./(P,+ a,P2) . (34) 
As illustrated in Fig. 5, if the plot of O(7) is taken 
to be linear in X, it will be either concave or convex 


ll 
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Fic. S—Errecr or Cuorce or Composition Eacu 
Prot Is Linear 1n X, sut Becomes Skewep WueEN PLorrep 
Acainst P,, DEPENDING OF THE VALUE OF a. 
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when plotted against P, depending on whether a, is less 
than or greater than unity. Thus, a considerable variety 


of experimental plots can be fitted by making an empir- 
ical choice of © and of a,. 


Actually, as an empirical approach, it is possible to 
choose some function for © and to define X as a hypo- 
thetical composition variable chosen so as to make the 
plot of 6(7) vs X linear. Thus, if log 7 is used as the 
function and the experimental compositions are in 
weight fractions, Eq. 30 becomes 


W, 2 
log = Wt aw, log 
Eq. 35 may be written in either the form, . 
lo = 
W,/(W, + = (36) 
log — log 
or the form 
1), 


and, thus, is seen to be identical with the equations 
proposed by Lederer” and by Roegiers,” respectively. 
In both cases, a, is an empirical constant whose evalua- 
tion requires at least one experimental viscosity for a 
mixture. 


Since X is given by 
logy — logn® 
~ log — log 
it follows that 
so that a plot of P,(1/X, — 1) vs P, should be a straight 


line (where P denotes any actual composition variable 
such as W, N or F). 


1 


CASE 2—NON-IDEAL SYSTEMS 


None of these special cases allows for a maximum 
or a minimum in the viscosity-vs-composition plot, and, 


to account for such systems, it must be assumed that — 


O(n») ~ + O(n?)]. A simplifying approach 
here is to assume that some particular composition vari- 
able, N or F, is the best one and, then, to evaluate 7,. 
empirically. Thus, if O(y) is taken to be log 7 and 
mole fractions are used, one obtains Eq. 24; however, 
if O(n) is taken to be fluidity and volume fractions are 
used, then Eq. 23 results. 

A convenient empirical procedure for using this type 
of equation is illustrated in Fig. 6 for the acetone- 
water system.” The data are plotted as log 7 vs F. If the 
equation, 

logy = Filog + log + 
is obeyed, the deviations (A) of the actual points from 
the ideal line are given by 
where B = 2 logy» — log — logn; 
or, in general, 
A= 
and 
B= 20 (qn) — O(n?) (40) 
The value of 7» for some one mixture is needed to 
evaluate 8; while this can be done analytically, there is 
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Fic. 6—AceTone-WATER System (25°C). Open Circies = Ex- 
PERIMENTAL; Line = CatcuLatep Accorpine To Ea. 39; 
THE DISPLACEMENTS A FROM THE IpEAL Line Are TAKEN 
FROM THE AUXILIARY PLot oF A vs 2F,F, at THE Bottom; 
AND SOLID CircLes = Data Pirottep AcainstT Mo Le FRaction. 
Orpinate = Viscosity (cp); AsscissA = VOLUME 
Fraction ACETONE. 


a rapid graphical procedure. As indicated in the figure, 
a scale in F,F, (actually 2F,F, for convenience) is 
marked along the abscissa, The experimental value of 
A for F =0.5 then is transferred directly from the 
main to the auxiliary plot at the bottom of the graph by 
means of dividers. The two straight lines then are drawn, 
and values of A then can be picked off and transferred 
to the main plot for any composition. The solid line, 
constructed in this manner, deviates by less than 3 per 
cent from the experimental points. The solid circles 
represent the same data plotted against mole fraction; 
it is clear that, in this case, volume fraction is much 
the better composition variable. 

Of course, it would be possible to develop a two- 
parameter equation in which both 7, and a were evalu- 
ated empirically. It appears, however, that the gain is 
not commensurate with the effort involved. Probably 
there is some limit to the fit obtainable by any equation 
of the form of Eq. 29 because of the underlying as- 
sumption that the parameters 7, 7, andy; are independ- 
ent of composition. 


EMPIRICAL EVALUATION OF‘: THE 
VARIOUS EQUATIONS 


An investigation was made of the empirical perform- 
ance of equations of the type of Eq. 29, with results sum- 
marized in Table 2. The qualitative conclusion is that 
the use of volume fractions gives better results than 
that of mole fractions and that the use of log 7 is some- 
what to be preferred to that of fluidity. Actually, the 
deciding reason for preferring log 7 as the function is 
that such a plot is of uniform precision. Empirically, 
then, the form of Eq. 39 was the most satisfactory. 
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TABLE 3 — THE VARIOUS VISCOSITY RELATIONSHIPS 


General Equation for Pair-wise Interaction 


= 
q 


i=1j=1 


Mixtures of Two Liquids 


Q(n) = + 2X,X,0(n,) + 


Ideal Laws 


Arrhenius, ASTM: 


Bingham 


Kendall and Monroe: 


= 0) 


logn = X + X, log n; 


Arbitrary Composition Variable 


Non-ideal Laws 


(B 40) 


log 7 + N?log 7° + 2N.N, log 7,, + N,?log 72 


Deviation, A, from the corresponding ideal law: 
A= X,X,f. 


B = 20(n,,) — O(n?) — 


Lederer, Roegiers: log = log 7°, + oP. log 7° 
Where the viscosities of the two fluids being mixed N; = mole fraction of ith species in a mixture 
differ by a factor of 100 or more but where the mixture n; = moles of ith species in a mixture 
is nearly ideal thermodynamically, the choice of the P = permeation or flux per unit area 
proper composition variable appears to be of dominant P; = composition with respect to ith species, based 
importance, In such cases, it appears best to use Eq. on additive property p (e.g., if p =n, P; 
35 or one of its equivalent forms. (See Ref. 22). = N;) 
NOMENCLATURE es general symbol for an additive property 
? q = number of components 
A, = area of ith type of molecule R = gas constant 
A; = concentration-based thermodynamic factor, r = particle radius 
In y,/o In = proportionality constant between an additive 
B,, = mole fraction-based thermodynamic factor, property x and the weight of the component 
B, = (1 + dlnf,/dlnN,), i= 1 or 2 present in a mixture 
C= concentration, mole/liter S = entropy 
D, = intrinsic diffusion coefficient of ith species S$; = proportionality constant between an additive 
Di: Zz mutual diffusion coefficient in a binary system property x and the moles of the component 
DF = self-diffusion coefficient of ith species in a present in a mixture 
mixture T = temperature, degrees Kelvin 
D? = self-diffusion coefficient of pure ith species t; = proportionality constant between an additive 
E = energy property x and the volume of the component 
F = free energy present in the mixture 
F, = volume fraction of ith species V; = molar volume of a diffusing species 
f = rational activity coefficient; (f, > 1 and N;—> 1) AV? = volume of activation for viscosity 
h = Planck’s constant v,Av = velocity, difference in velocity between adjacent 
k = Boltzman constant layers 
k,, = specific rate constant for position exchange of v; = volume of ith species in a mixture 
species i with j; k;; = k;; W, = weight fraction of ith species in a mixture 
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weight of ith species in a mixture 

force per unit area 

general symbol for an additive property 

arbitrary composition variable 

distance 

concentration-based activity coefficient; (y,>1 
as C,—>0) 

= =. t/t, 

fraction of molar volume to which AV? corres- 
ponds 

defined by Eq. 40 


= viscosity (absolute), viscosity of pure species i 
= arbitrary function of viscosity 
= mutual jump distance parameter for inter- 


change of i with j 


= jump distance for interchange of species i with 


species j 
chemical potential (partial molar free energy) 
of species i 
fluidity 
mobility (inverse of fraction coefficient) 
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Equilibrium in the Methane-Carbon Dioxide-Hydrogen 
Sulfide-Sulfur System 


ABSTRACT 


The object of the work reported 
here was to determine the content of 
elemental sulfur in gaseous methane, 
carbon dioxide, hydrogen sulfide, and 
in mixtures of these gases, at pres- 
sures and temperatures encountered 
in natural gas reservoirs. 

Sulfur content at equilibrium is 
reported for pure methane, carbon 
dioxide, hydrogen sulfide, and on 
three binary mixtures of each of the 
three pairs of gases at pressures of 
1,000, 2,000, 3,000, 4,000, 5,000 
and 6,000 psia and at temperatures 
of 150°, 200° and 250°F. In addi- 
tion, the sulfur content of three ter- 
nary mixtures at the same tempera- 
tures and pressures are reported. 


The results indicate that the sulfur 
content is higher in the gases at 
higher temperatures and pressures. 
The content is highest in hydrogen 
sulfide, intermediate in carbon diox- 
ide and lowest in methane. 


INTRODUCTION 


At ordinary pressures and temper- 
atures, the concentration of a non- 
volatile material, such as sulfur in 
a gas at equilibrium, is a function of 
the vapor pressure of the material 
and is independent of the nature of 


Original manuscript received in Society of 
Petroleum Engineers office Aug. 20, 1959. Re- 
vised manuscript received Feb. 10, 1960. 
Paper presented at 34th Annuai Fall Meet- 
ing of SPE, Oct. 4-7, 1959, in Dallas. 

Discussion of this and all following tech- 
nical papers is invited. Discussion in writing 
(three copies) may be sent to the office of 
the Journal of Petroleum Technology. Any 
discussion offered after Dec. 31, 1960, should 
be in the form of a new paper. 
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the gas. As the pressure and tem- 
perature increase, the gas assumes 
some of the properties of liquids, in- 
cluding the power to dissolve other 
liquids and solids, to an extent de- 
pendent on the nature of both the 
gas and the material dissolved. At 
equilibrium, the content of sulfur in 
the several gases considered here 
may thus be considered as solubili- 
ties which are fixed for a given com- 
position of gas, temperature and 
pressure. 

The study of the solubility of ele- 
mental sulfur in gases is of interest 
because sulfur is sometimes present in 
reservoirs producing natural gas and 
must be present in the vapor phase. 
Upon reduction of pressure and tem- 
perature, the sulfur precipitates from 
solution in the reservoir and in the 
tubing and fittings. 


Due to the fact that the greatest 
pressure drop in the reservoir is 
around the wellbore, the volume of 
sulfur precipitated will be greatest in 
this locality and can cause a substan- 
tial reduction in the permeability of 
the formation in this area. As the 
natural gas flows up the tubing string, 
the pressure and temperature are fur- 
ther decreased, causing further sulfur 
precipitation. If the volume of free 
sulfur is large and remedial meas- 
ures are not taken, complete plugging 
of the tubing can occur. 

Knowledge of the content of sul- 
fur as a function of composition, 
temperature and pressure will enable 
the operator to determine what 
changes in pressure and/or tempera- 
ture are necessary to keep the sulfur 
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in solution. If the sulfur solubility 
is large and can be controlled, the 
operator may desire to produce the 
well at a high wellhead pressure and 
temperature and reclaim the sulfur at 
the surface. The high solubility of 


sulfur in hydrogen sulfide (5.6 per _ 


cent by weight at 5,000 psi and 
200°F) suggests the feasibility of re- 
covering sulfur by injecting this gas 
into sulfur-bearing reservoirs and ex- 
panding the produced gas to precipi- 
tate out the sulfur. 

The present project was designed 
to measure the solubility of sulfur in 
carbon dioxide, methane, hydrogen 
sulfide and mixtures of these three 
gases at various temperatures and 
pressures. These gases were the ma- 
jor constituents of the gas well where 
plugging by sulfur was encountered. 


A study of the published literature 
shows no data on the solubility of 
sulfur in any gas, although Hannay 
and Hogarth,* in 1880 reported that 
it was soluble in carbon disulfide 
above the critical temperature of car- 
bon disulfide. 


EQUIPMENT AND PROCEDURE 


Fig. 1 shows the layout of equip- 
ment employed to bring gases to 
equilfbrium with sulfur and to isolate 
the quantity of sulfur contained in a 
known volume of gas. Pure gases 
were measured in the charging bomb 
at known temperatures and pressures 
and displaced into the reservoir 
bomb to make up the desired mix- 
tures. When equilibrium was achieved 


‘References given at end of paper. 
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Fre. 1 — Scuematic Dracram or Equipment ARRANGEMENT. 


~ between the constituents of the mix- 
ture, by rocking the bomb for 30 
minutes, the gas was conducted 
through the sulfur equilibrium bomb, 
which contained 18 ml of elemental 
‘sulfur. For the runs: at 150° and 
200°F, this sulfur was granular, the 
grains being retained on an 80-mesh 
sieve and passing a 48-mesh sieve. 
In runs at 250°F, the sulfur was 
molten and the gas was bubbled 
through the melt. 


The sulfur bomb was maintained 
at the desired temperature within 
.2°F and the desired pressure within 
1 psi. The gas, now saturated with 
sulfur, was conducted at a rate of 
1 liter/hour through a section of 
heated tubing to a heated valve, 
where it was expanded to atmos- 
pheric pressure and the precipitated 
sulfur filtered through a hard glass 
_ (Vycor) tube filled with pyrex glass 
wool. The tubing leading from the 
_ sulfur bomb and the heated valve 
were maintained at a temperature in 
excess of that in the sulfur bomb 
so that no precipitation could occur 
before expansion to atmospheric pres- 
sure. Numerous tests at different rates 
proved that the sulfur content did 
not depend on rate of throughput of 
gas through sulfur, indicating that 
the gas was saturated under the con- 
ditions of the experiment. 

A second glass wool filter (not 
shown in Fig. 1) was always in- 
serted downstream from the first fil- 
ter to make sure that no measurable 
amount of sulfur was lost. An aver- 
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age of less than 0.02 per cent of the burned the sulfur completely and 


sulfur recovered was caught in the 
second filter. Silicone rubber was 
used to connect the tubes at the high 
temperatures involved. 


The volumes of acid gas (H.S and 
CO.) passing through the sulfur 
bomb were measured by absorption 
in Ascarite (absestos impregnated 
with sodium hydroxide). Methane 
was measured by passing through a 
wet-test meter. On numerous occa- 
sions, both methane and acid gas 
were measured to check the compo- 
sition of the gas in the reservoir 
bomb. 

The quantity of sulfur precipitated 
on the glass wool filter was measured 
by first mounting the Vycor tube and 
filter in a vertical position and flush- 
ing out with sulfur-free natural gas. 
The gas stream was ignited and ad- 
justed until it would support a flame 
about 0.5 in. in height. Oxygen was 
then added to the gas entering the 
tube until a blue flame resulted. The 
flame was then placed under an ab- 
sorber of the type used in the ASTM 
Lamp Sulfur method,’ and the frac- 
tion of oxygen in the burning mix- 
ture increased until the flame “struck 
back” through the Vycor tube. The 
intense heat of the oxy-gas flame, 
slowly traversing the tube and filter, 


TABLE 1 — CALIBRATION OF METHOD YS 
WEIGHED AMOUNTS OF PURE SULFUR 


Sulfur Weighed (mg) Sulfur Measured (mg) 


6.5 6.4 
22.4 22.2 
0.0 0.0 


fused the glass wool. 


The products of combustion of the 
gas and sulfur were neutralized by a 
weak solution of sodium carbonate 


contained in the absorber, and back- 


titrated and calculated as in the 
ASTM Lamp Sulfur method. 


A calibration of the method against 
weighed amounts of pure sulfur gave 
the results shown in Table 1. 


DISCUSSION OF RESULTS 


Before discussing in detail the so- 
lubility data presented here, it is of 
interest to consider the critical con- 
stants of the pure components, shown 
in Table 2. 


It is evident from Table 2 that 
pure hydrogen sulfide at 150° and 
200°F is liquid under some of the 
conditions under which solubilities 
were measured; the same is true for 
mixtures containing sulfide and small 
percentages of carbon dioxide or 
methane. The boundaries for single- 
phase and two-phase systems have 
been determined for the hydrogen 
sulfide-methane system, by Kohn and 
Kurata,’ for the carbon dioxide- 
methane system by Donnelly and 
Katz,‘ and the hydrogen sulfide-car- 


TABLE 2 — CRITICAL CONSTANTS OF THE PURE 


COMPONENTS 
Critical Temp. Critical Pressure 
Components (°F) (psia) 
H2S 212.9 1308 
COz 88.0 1073 
—116.3 673 
— 232.8 492 
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TABLE 3 — SOLUBILITY OF SULFUR IN GASES (POUNDS OF SULFUR PER MILLION STANDARD CUBIC FEET OF GAS) 


Gas Mix (Mol Per Cent) 


32.3 H2S 30.9 H2S 
reSS. 76.7 CHa 53.1 CHs 20.3 CHs 75.5 CHa 46.2 CHs 19 CHa 73.3 HoS 50.1 H2S 26.4 HeS 27.5 CO2 50.0 CO2 22. 2 
teste) 100 CHa =23.3 CO2 46.9 COz 79.7 COr 100 24.5 HeS 53.8 H2S 81 H2S 100 H2S 26.7 49.9 CO2 73.6 CO2 40.2 CHs 19.1 CH4 20.9 CHa 
i 44 0.37 0.63 0.69 0.64 0.81 15.75 88.20 16.50 9.20 5.40 15.70 20.60 11.70 
2000 O83 0 59 0.83 2.37 4.31 0.88 5.29 118.90 578.20 210.80 57.50 33.10 15.90 32.40 55.20 
3000 1.47 1.90 2.46 7.34 15.76 1,26 29.91 337.98 1,308.00 670.20 234.70 81.50 41.30 56.50 193.30 
4000 2.06 3.76 6.10 11.71 25.05 3.71 60.47 577.58 3,279.00 1,113.90 300.20 105.60 65.10 81.40 286.70 
5000 3.83 4.98 8.17 15.89 81.42 6.90 89.68 883.00 3,930.00 1,211.00 359.50 122.00 86.20 101.80 366.10 
6000 5.8 6.54 10.14 24.30 41.83 13.67 140.69 1,271.00 4,110.00 1,322.20 437.50 151.40 110.70 137.90 419.80 
200°F 
1 -655 0.80 0.61 1.28 1.09 0.69 4.06 22.69 95.40 52.30 17.10 6.10 15.80 32.10 46.60 
2000 103 0.89 2.06 2.94 4.15 1.03 13.01 57.76 382.80 183.20 67.70 23.20 26.60 41.50 55.40 
3000 2.59 3.42 6.16 12.39 28.35 1e73) 64.20 491.60 1,360.55 682.80 264.50 144.80 50.50 73.40 240.00 
4000 3.58 8.26 14.73 30.94 51.42 7.32 143.50 925.50 3,666.00 1,454.90 587.50 201.10 92.90 144.00 483.10 
5000 9.93 15.70 24.10 47.01 78.01 26.83 243.10 1,569.60 5,351.90 1,762.40 797.20 266.80 159.30 216.10 682.00 
6000 15:7 23.12 32.87 62.83 109.40 44.50 339.50 2,084.20 7,873.00 2,191.80 972.60 331.50 221.10 301.40 844.80 
250°F 
1000 1.85 2.67 2.89 3.71 6.78 1.72 8.98 37.04 136.50 123.20 20.30 9.20 26.10 30.00 40.20 
2000 2.49 4.90 6.76 10.33 20.49 4.86 20.87 137.30 384.00 205.90 64.50 30.80 48.10 46.70 81.60 
3000 7.34 12.45 17.42 26.55 62.31 17.83 76.40 455.60 1,380.00 782.30 278.40 119.00 84.40 101.80 254.00 
4000 8.74 22.79 33.44 62.29 111.06 36.50 172.90 895.00 3,638.80 1,797.50 658.40 394.00 157.60 196.20 516.70 
5000 20.86 36.44 64.07 105.56 225.40 67.94 292.40 1,664.80 6,176.00 3,201.40 970.10 398.80 251.40 313.50 818.30 
6000 30.96 59.50 95.44 209.70 461.58 96.28 504.00 2,510.00 10,323.00 4,630.90 2,027.00 530.20 342.60 424.00 1,042.00 


bon dioxide system by Bierlein and 
Kay.’ Several systems involving me- 
thane, carbon dioxide and hydrogen 
sulfide were investigated by Robinson 
and Bailey.’ While none of this work 
shows the effect of sulfur on the 


15.8 
CO2 
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PSIA AND 150°F. 


CH4 
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Fic. or Sutrur at 4,000 
PSIA AND 150°F. 
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PSIA AND 150°F. 


168 


31.4 
C02 


phase relationships, it does indicate 
that the probability of there being 
two phases in any of the tests report- 
ed here is small. If both liquid and 
gaseous phases were present, only the 
gas phase would be sampled, and its 


42 
C02 


Fic. 5—So.usitiry or Sutrur aT 6,000 
PSIA AND 150°F. 


28.4 

C02 

Fic. 6—So.usitiry or Sutrur at 3,000 
PSIA AND 200°F. 


20%, 
20, 
36664 51.4 
CO2 


Fic. 7—Sotusinity oF Sutrur at 4,000 
PSIA AND 200°F. 


composition would be uncertain. 
However, frequent analyses of the 
gas at different pressures did not 
show any evidence of two phases. 
Tests for the solubility of sulfur 
in methane, carbon dioxide and hy- 
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drogen sulfide were made at pressures 
of 1,000, 2,000, 3,000, 4,000, 5,000 
and 6,000 psia and temperatures of 
150°, 200° and 250°F. In addition 
to the tests on pure gases, three 
binary mixtures of each of the three 
pairs of gases-and three mixtures 
containing all three components were 
investigated. Table 3 shows the data 
obtained. 


The comparatively high solubility 
of sulfur in hydrogen sulfide and in 
mixtures containing high percentages 
of this gas, is noteworthy. Carbon di- 
oxide is next in solvent power, and 
methane is the poorest solvent. A 
single test on pure nitrogen at 5,000 
psia and 200°F indicated a solubility 
of 2.3 lb of sulfur/MMscf. 


Table 3 shows the solubility of sul- 
fur in three different mixtures of hy- 
drogen sulfide, methane and carbon 
dioxide as a function of pressure at 
150°, 200° and 250°F, respectively. 
In order that the data may be inter- 
polated to estimate the solubility in 
any mixture of these gases, triangular 
plots showing lines of equal solubility 
at each temperature and pressure of 
measurement are shown in Figs. 2 
through 13. 

As an example of the use of the 
charts, if the reservoir pressure were 
4,000 psia, the reservoir temperature 
200°F and the gas composition con- 
sisted essentially of 23 per cent H.S, 
35 per cent CO, and 42 per cent CH,, 
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Fic. or Sutrur at 5,000 
Psia AND 250°F. 


the solubility of sulfur in the gas 
would be approximately 48 Ib/ 
MMscf (Fig. 7). If the gas were 
produced with a wellhead pressure of 
3,000 psia and a temperature of 
150°F, the quantity of sulfur in so- 
lution when the gas reached the well- 
head would be approximately 25 lb. 
The difference between the two 
values, 23 lb, is the maximum weight 
of free sulfur which may be depos- 
ited in the reservoir and tubing. If 
the bottom-hole flowing pressure is 
known, then the maximum weight 
of sulfur which could be deposited 
in the reservoir can be determined. 

It readily can be seen that, by 
maintaining the maximum producing 
wellhead pressure and temperature, 
the operator of a sulfur-producing 
gas field would decrease the sulfur 
deposition in the reservoir and tub- 
ing and increase the quantity of sul- 
fur obtained at the surface. 


CONCLUSIONS 


For the conditions under which 
this research was carried out, these 
conclusions can be drawn. 

1. Sulfur is soluble in. nitrogen, 
methane, carbon dioxide and hydro- 
gen sulfide gases, at high tempera- 
tures and pressures, increasing in 
that order. é 

2. The solubility of sulfur in gases 
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increases with an increase in temper- 
ature and pressure. 

3. If free sulfur is being produced 
with a gas from a gas reservoir, the 
wellhead pressure and temperature 
should be kept as high as possible 
to prevent the sulfur from precipi- 
Aating in the reservoir and tubing. 
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Determining Density Variation of 
Light Hydrocarbon Mixtures 


JUNIOR MEMBERS AIME 


ABSTRACT 


Many engineering functions such 
as surface metering work and labora- 
tory compressibility check points in- 
volve the use of liquid densities of 
light hydrocarbon mixtures at var- 
ious pressures and temperatures. 
However, at the present time, no sim- 
ple reliable method exists for deter- 
mining density variation, particularly 
if the composition of the liquid is 
unknown. Consequently, a study was 
undertaken to develop and present a 
simple and accurate method of pre- 
dicting density variation of a light 
hydrocarbon liquid with pressure and 
temperature, knowing only the den- 
sity of the liquid at some condition. 


The experimental liquid compres- 
sibility data from API Project 37 by 
Sage and Lacey’ have been considered 
to be accurate within 0.5 per cent 
and cover a wide range of pressure 
(14.7 to 10,000 psia), temperature 
(100° to 400°F) and molecular 
weight (up to 150). From these data, 
a set of liquid density curves, which 
relate density to pressure, tempera- 
ture and molecular weight, was de- 
veloped. These curves make it possi- 
ble to predict dénsity variation with 
pressure and temperature, Compared 
to extensive laboratory compressibil- 
ity data on a complex, light hydre- 
carbon liquid, the use of the liquid 
density curves resulted in an average 
error of less than 0.5 per cent. 

Based on the results of this analy- 
sis, it is concluded that the set of 
liquid density curves developed from 
the data of Sage and Lacey provides 
an accurate and simple method for 
predicting the density variation of 
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light hydrocarbon liquids when the 
density at some condition is knawn. 
These curves should be very helpful 
in many engineering calculations, 
particularly in the surface metering 
of light hydrocarbon liquids. 


INTRODUCTION 


Many situations arise in field and 
engineering laboratory work, such as 
reservoir engineering studies, check 
of experimentally determined labora- 
tory data and orifice flow-meter for- 
mulas, where liquid density factors 
at various pressure-temperature con- 
ditions are required. Also, the need 
for accurate light hydrocarbon liquid 
information has become more im- 
portant with the advent of miscible- 
type displacements for secondary re- 
covery purposes in oilfield opera- 
tions. 


Several reliable methods are avail- 
able** for determining the density of 
liquid hydrocarbons if the composi- 
tion of the liquid is known. How- 
ever, there is a definite lack of meth- 
ods for accurately determining the 
variation of density when the com- 
position of the liquid is unknown. 

The purpose of this study is to 
review the various methods for de- 
termining hydrocarbon liquid densi- 
ties and to develop a simple and re- 
liable method of determining varia- 
tion in density of light hydrocarbon 
liquids with pressure and temperature 
when the composition of the liquid 
is unknown. 


METHODS FOR DETERMINING 
DENSITY OF LIQUIDS OF 
KNOWN COMPOSITION 


Sage, Lacey and Hicks’ have pro- 
posed a method to predict the den- 
sity of light liquid hydrocarbons by 
using partial molal volumes. Data 


HUMBLE OIL & REFINING CO. 


are available on experimentally de- 
veloped partial liquid volumes of hy- 
drocarbons over a rather limited 
range of temperature, pressure and 
composition. The partial molal vol- 
ume method has proved satisfactory 
for determining the density of some 
hydrocarbon liquids when the com- 
position is known. Within the range 
covered in the Sage, Lacey and 
Hicks’ data, the results agree within 
about 3 per cent of the experimental 
values. Hanson’ mentions the limita- 
tion of this method to a composition 
range of approximately 10 per cent 
by weight of methane, which will 
not allow this correction to cover 
most low molecular weight-light hy- 
drocarbon liquids. 

Standing and Katz’ studied data 
on light hydrocarbon-liquid systems 
containing methane and ethane at 
high temperature and pressure and 
have presented a method for deter- 
mining liquid densities, assuming ad- 
ditive volumes for all components 
less volatile than ethane and using 
apparent densities for methane and 
ethane. The compressibility and 
thermal-expansion curves used by 
Standing are based on assumptions 
that compressibility of a hydrocar- 
bon liquid at temperatures below 
300°F is a function of the liquid 
density at 60°F and that thermal 
expansion of the liquid is affected 
little by pressure. The information 
required to use this technique with 
an example problem is furnished by 
Standing.’ Hanson’ reports an average 
error of — 0.5 per cent using the 
method of apparent densities in cal- 
culating liquid densities of several 
volatile hydrocarbon mixtures. How- 
ever, as implied, the apparent density 
method is not applicable for liquid 
density calculations when the com- 
position of the liquid is unknown. 

Watson’ has presented a method 
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of calculating the density of pure 
hydrocarbon liquids from molecular 
weight, critical temperature and pres- 
sure and empirical expansion factors. 
The data for expansion factors are 
presented in a graph’ as a function 
of reduced pressure and reduced 
temperature. However, the values for 
the expansion factor have been found 
to vary by more than 26 per cent for 
different compounds, although at the 
same reduced state. Various sources*® 
report average errors of less than 5 
per cent on densities of light hydro- 
carbon liquids calculated by this 
equation. However, Watson’ has rec- 
ommended the use of this technique 
only in the absence of reliable liquid 
density data. 


METHODS FOR DETERMINING 
DENSITY VARIATION OF 
LIQUIDS OF UNKNOWN 

COMPOSITION 


METHOD 1 

The Tait equation,’ an empirical 
equation of state of liquids, was 
studied with respect to light liquid 
hydrocarbons because it appeared to 
apply for a large number of differ- 
ent-type liquids. In earlier experi- 
ments, the equation was found to 
predict properties of liquids which 
compared very favorably with ex- 
perimental values. The equation is 
expressed as: 


(1) 
For the purpose of this study, the 
equation’ was subsequently simpli- 
fied to 


Po 
(2) 
with empirical equations, 
and 


where v = specific volume at P and 
T (cu ft/lb-mol), 


v, = specific volume at 14.7 
psia and T(eu ft/lb- 

6 = factor used in determin- 
ing Tait equation con- 
stants, 

T = temperature (°F), 

125, 

D = 4,500, 

A = 8.734, 

H = 300, 

P = pressure (psia), and 

P, = 14.7 psia. 


To solve for a density at any pres- 
sure and temperature, the use of the 
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preceding equation involves a trial- 
and-error solution and the specific 
volume of the liquid at some con- 
dition. The trial-and-error procedure 
is as follows. 


Known: v7, = specific volume at P, 
and T, (cu ft/lb- 
mol), 


P, = pressure at which spe- 
cific volume is 
known (psia), and 


T, = temperature at which 
specific volume is 
known (°F). 
1. Solve Eq. 4 for 6 at T,. 
2. Assume _ (specific volume 
at 14.7 psia and T,). 
3. Solve Eq. 3 for B. 
4, Solve Eq. 2 for Von: 
5. Repeat until assumed y,, 
agrees with calculated Vor: 


6. The specific volume at 7, and 
14.7 psia may then be determined 
by Vor, = Vor, CO 


7. Eqs. 2, 3 and 4 may then Ds 


solved for v at P, and T>. 


The modified Tait equation was 
programed for a medium-sized digi- 
tal computer and a large number of 
density conversions of a 10 per cent 
methane-90 per cent decane mixture, 
a 30 per cent methane-70 per cent 
n-butane mixture and a 40 per cent 
methane-60 per cent decane mixture 
were made. The results of these cal- 
culations were compared to similar 
experimental data of Sage and La- 
cey’ and were found to compare fa- 
vorably for liquid hydrocarbon mix- 
tures with a molecular weight greater 
than 55 and at temperatures under 
300°F. The average error within 
these specified limits of temperature 
and molecular weight is less than 3 
per cent. It is possible that, with 
proper changes in the constants, A, 
C, D and H, the Tait equation could 
be made to give better empirical 
density values for any hydrocarbon 
liquid at any condition. However, 
this might prove impractical to de- 
velop because the constants would 
only apply for certain ranges of con- 
ditions and should be done only if 
other, more simple means can not 
be developed. 


METHOD 2 

A method’ (modified Standing 
method) has been proposed utilizing 
the liquid compressibility and ex- 
pansibility curves used in conjunc- 
tion with the additive volume-appar- 
ent density method* mentioned pre- 
viously to determine density varia- 


tion with pressure and temperature. ~ 
The modified Standing method does 
not require that the composition of 
the light hydrocarbon liquid be 
known, It is proposed to use Stand- 
ing’s curves* in cases where the den- 
sity at P, and T, are known to deter- 
mine the density at P, and T., as fol- _ 
lows. 


1. Determine by trial and error 
the density at 60° F and P,. 


2. Determine by trial and _ error 
the density at 60° F and 14.7 psia. 


3. Determine directly the den- 
sity at 60° F and P.,. 


4. Determine directly the density 
of P, and T;. 


The light hydrocarbon liquid com- 
pressibility data of Sage and Lacey’ 
were used to evaluate the results ob- 
tained using the Standing curves as 
described previously. Densities of 10 
per cent methane-90 per cent decane, 
30 per cent methane-70 per cent 
butane and 40 per cent methane-60 
per cent decane mixtures at various 
pressure-temperature conditions were 
converted to other pressure-tempera- 
ture conditions. 


When used with the high molecu- 
lar weight (10 per cent C,-90 per 
cent C,,) mixtures, the error between 
the calculated and experimental den- 
sities averaged less than 1 per cent. 
However, when used with the me- 
thane-butane mixture (MW-45.5), 
the errors encountered ranged from 
2 to 4 per cent. 


METHOD 3 


A third method of determining the 
density variation is the one proposed 
in this paper. This can be accom- 
plished by converting the comprehen- 
sive compressibility data of Sage and 
Lacey® to density (lb/cuft) and 
molecular weight and plotting these 
data using constant temperature and 
pressure as curve parameters. The 
smooth liquid density-molecular 
weight curves, shown in Figs. 1 
through 6, are then obtained. Inas- 
much as the Sage and Lacey* data 
are not available for temperatures 
below 100° F, the 40° F curves (Fig. 
1) were obtained by an extrapolation 
of a set of curves relating molecular 
weight to density change with tem- 
perature at constant pressure. The 
liquid density-molecular weight 
curves are suitable for use over a 
temperature range from 40° to 400° 
F, a molecular weight range from 
40 to 150 and pressures up to 10,000 
psig. Other information of this type 
is available in the literature;*”” how- 
ever, it is not as complete or con- 
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sidered as reliable as the more recent 
Sage and Lacey’ data. 


These curves were examined with 
the same data used to evaluate the 
modified Tait equation and the modi- 
fied Standing method. Deviation of 
the calculated density values from 
the density curves to the experi- 
mental density values averaged 0.50 
per cent, with a maximum error of 
2.58 per cent. 

In addition to the primary purpose 
of the curves, which is to determine 
density variation with pressure and 
temperature for a liquid of unknown 
composition, these curves may also 
be used to approximate molecular 
weight from density. As normally 


T= 40F 
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42 


Vy / | Note: Curves based on data from 
API Project 37 by Sage & Lacey. 
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used, the apparent molecular weight 
serves as an intermediate correlation 
value to permit moving from one 
pressure and temperature condition 
to another when an original density 
is known. 


DISCUSSION OF RESULTS 


The various methods for deter- 
mining light liquid hydrocarbon den- 
sity when the composition of the 
material is known were subjected to 
a comparison to develop some idea 
as to the dependability of each under 
various conditions, In addition, the 
various methods for determining the 
variation of density with change in 
pressure and temperature were 
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studied by comparing results from 
many empirical and analytical meth- 
ods to the experimental results of 
Sage and Lacey.’ As an outgrowth 
of this study, an empirical method of 
utilizing the liquid density-molecular 
weight curves based on the compre- 
hensive data of Sage and Lacey* was 
developed and has been included in 
the comparison for determining den- 
sity and density variation. 


LIQUIDS OF KNOWN 
COMPOSITION 


Results from three methods (molal 
volume, apparent density and expan- 
sion factor) for determining the den- 
sity of light liquid hydrocarbons 
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when the composition is known were 
compared to the experimental values 
of Sage and Lacey* and Hanson.° 
Also included in the comparison is 
the liquid density-molecular weight 
curve method, developed primarily 
for determining density variation. 
The over-all average error for the 
four methods is summarized in Table 


The molal volume method appears 
to be superior, at least for compari- 
sons made, to any of the methods 
shown. However, as pointed out by 
Hanson,’ this method is limited to 
those hydrocarbon liquids which con- 
tain less than 10 per cent by weight 
of methane and is further restricted 
by complex liquid hydrocarbon mix- 

_tures because data are not available 
for components higher than pentane. 
The remaining three methods—ap- 
parent density, expansion factor and 
liquid density-molecular weight 
curves—are shown to be approxi- 
mately equal in accuracy of predic- 
tions. However, the apparent density 
method is considered to be the most 
acceptable method when the compo- 
sition is known because it covers 
such a broad range of composition, 
pressure and temperature. 


—Tt_can be seen from the data in 
Table 1 that, on the average, the 
liquid density-molecular weight curve 
method is the least accurate of the 
compared methods. In this particular 
method, molecular weight is the cor- 
relating factor rather than density. 
Although a correlation does exist be- 
tween molecular weight and density 
for hydrocarbon liquids, the relation- 
ship is complex and in many cases 
non-unique. Therefore, it is not par- 
ticularly surprising that the liquid 
density-molecular weight curve meth- 
od yields somewhat erratic results. 
On the other hand, if a high degree 


TABLE 1 — OVER-ALL AVERAGE ERROR FOR 
FOUR METHODS 
Per Cent Error 


Method Avg. Max. 


Molal Volume 0.4 
Apparent Density 2.3 9.1 
Expansion Factor 2.8 
Liquid Density- 
Molecular Weight Curves 2.9 


TABLE 2—RESULTS OF CALCULATIONS BY 


THREE EMPIRICAL METHODS 
Per Cent Error 


Method Avg. Max. 

Tait Equation 3.8 30.6 

Standing’s Curves 1.4 Sel 
Liquid Density- 

Molecular Weight Curves 0.5 2.6 


of accuracy is not required, the liquid 
density-molecular weight curves, 
which empirically relate density to 
molecular weight can be used and 
should furnish results within the ac- 
curacy indicated in Table 1. The pri- 
mary advantage of the liquid density- 
molecular weight method is that it 
provides a quick and easy means for 
predicting the liquid density from 
the molecular weight, whereas the 
alternate methods are somewhat more 
laborious to use. 


LIQUIDS OF UNKNOWN_ 
COMPOSITION 


Results of variations in light hydro- 
carbon liquid density calculations by 
three empirical methods—Tait equa- 
tion, modified use of Standing’s curve 
and use of liquid density-molecular- 
weight curves—were compared to 
experimental data of Sage and 
Lacey.” A short summary of these 
results is shown in Table 2. 


In all three of these methods, it is 
necessary to know the density of the 
material at some pressure and tem- 
perature before it is possible to pre- 
dict the density at some new con- 
dition. As shown in Table 2, the use 
of the liquid density-molecular weight 
curves resulted in less average and 
maximum error and should be con- 
sidered the superior method for use 
in predicting density variations of 
light liquid hydrocarbons. The other 
two methods are considered accept- 
able for most engineering use, except 
in the case of the Tait equation, when 


practical temperature and molecular — 
weight ranges are exceeded as pre- 
viously discussed. Furthermore, the 
Tait equation and modified use of 
Standing’s curve methods require 
more effort for solution than does 
the liquid density-molecular weight 
curve method. The liquid density- 
molecular weight curves were also 
used to predict density variations of 
a naturally occurring, complex, light 
liquid hydrocarbon for which lab- 
oratory density data were available, 
as contrasted with the experimental 
data which consisted exclusively of 
binary mixtures, As shown in Table 
3, the deviation of the predicted 
from the experimental values was 
very small and averaged only 0.46 
per cent. 

As previously mentioned in this 
report, the thermal-expansion curve 
used by Standing”* is based on the 
assumption that thermal expansion 
of hydrocarbon liquids is independ- 
ent of pressure. Standing* states that 
pressure will have some effect on the 
thermal expansion, but the effect will 
be so small as to be negligible. How- 
ever, aS shown in Fig. 7, based on 
data from API Project 37, the ther- 
mal expansion for hydrocarbon liq- 
uids of the same density at different 
pressure levels is significantly differ- 
ent. For example, the change in den- 
sity between 100° and 280° F is 
0.0244, 0.0296 and 0.0433 Ib/cu 
ft/°F for liquids with a density of 
35 Ib/cu ft at 10,000, 6,000 and 
2,000 psia pressure, respectively. 


TABLE 3—DETERMINATION OF DENSITY VARIATION OF A COMPLEX LIGHT LIQUID HYDROCARBON BY MEANS OF LIQUID DENSITY- 


MOLECULAR WEIGHT CURVES* 


Density, Density, Density, 
Experimental Pressure, Temperature, Pressure, Temperature, Experimental Calculated Per cent 
(Ib/cu ft) Pi(psia) Ti(°F) P2(psia) T2(°F) (Ib/cu ft) (Ib/cu ft) Error 
4,000 60 1,000 122 33.19 33.19 0.00 
aon 4,000 76 2,000 100 34.72 34.45 —0.78 
85.79 4,000 100 3,000 76 36.08 36.22 0.39 
35.15 4,000 122 4,000 60 37.27 37.07 —0.54 
36.83 3,000 60 1,000 122 33.19 32.89 —0.90 
36 08 3,000 76 2,000 100 34.72 34.50 —0.63 
35.30 3,000 100 3,000 76 36.08 36.22 0.39 
34.67 3,000 122 4,000 60 37.27 37.42 0.40 
36.35 2,000 60 1,000 122 33.19 32.89 —0.90 
35.56 2,000 76 2,000 100 34.72 34.40 —0.92 
34.72 2,000 100 3,000 76 36.08 36.22 rs 
33.97 2,000 122 4,000 60 37.27 37.42 ‘* 
35.78 1,000 60 fl ,000 122 33.19 33.29 lee 
34 97 1,000 76 2,000 100 34.72 34.70 06 
34.03 1,000 100 3,000 76 36.08 36.22 G38 
33.19 1,000 122 4,000 60 37.27 37.30 oes 
33 60 500 100 3,000 76 36.08 36.14 0.17 
32.70 500 122 4,000 60 37.27 36.88 =1. 
Average Error =0.46 
iti iqui i = Co = 0.0547; Cs = 0.2507; i-Cs =0.067. 
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Note: Curves based on data from 
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CONCLUSIONS 


Based on a comprehensive review 
of literature and the results of this 
analysis pertaining to compressibil- 
ity of light liquid hydrocarbon sys- 
tems, the following conclusions are 
offered. 


1. The apparent density method is 
considered the best known method 
for determining a density of a light 
liquid hydrocarbon when the com- 
position is known. 


2. Use of the liquid density-mo- 


lecular weight curves (introduced in 
this paper) for determining density 


variation of: light liquid hydrocar- 
bons with pressure and temperature 
provides the most accurate method 
for liquids with molecular weights of 
less than 150, temperatures between 
40° and 400° F and pressures be- 
tween 14.7 and 10,000 psia, when 
only the liquid density at one con- 
dition is known. 


3. The modified Standing method 
is considered the best method for 
determining density variation of 
hydrocarbon liquids of unknown 
composition when the liquid density- 
molecular weight curves ¢an not be 
used. 
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ABSTRACT 


What is entailed here is the extension of the simpli- 
fied material balance formulas to encompass interfer- 
ence between oil fields. As previously reported, the ex- 
plicitness as so revealed for the cumulative pressure 
drop as a function of all factors contributing to its 
change in the material balance equation, is now tran- 
scribed through the inter-communicating aquifer to ef- 
fect an increased pressure drop on an adjoining field by 
interference. Such is performed by mathematical an- 
_alyses and the application of the Laplace transforma- 
tions. 

What is accomplished is that the reiteration prob- 
lems previously associated with interference studies are 


nullified, since volumetric changes for the fluids in situ - 


aré automatically adjusted by the explicitness so ex- 
pressed, and what pertains to the superposition princi- 
ple applies only to the impeded water drive upon a sub- 
ject field, which is likewise incorporated in the over-all 
pressure drop that results. 


The mathematics treats with the rigorous solution of 
the problem, as well as with methods easily amenable 
to numerical interpretation by the practicing engineer. 
In all cases, however, what is deduced for areal extents, 
reveal interference between wells when time becomes 
large that further substantiate the analyses. 


Probably of equal significance, all variables and for- 


mation characteristics are accounted for. This applies to 
the differences in PVT analyses that occur from field to 
field and the physical parameters associated with the 
lithology of the reservoirs. The latter is deduced from a 
rigorous interpretation of the unsteady-state flow prob- 
lem for sands of different permeabilities in series. Thus, 
what purports to be a trial-and-error calculation to in- 
clude variations in sand conditions within the inter- 
~ communicating aquifer to define water drive has little 
importance compared to the designation of such param- 
eters at the reservoir to constitute the essential criteria. 


INTRODUCTION 


In a recent publication, the reader has been intro- 
duced to the simplified material balance formulas.’ It 
has been shown that the complexities formerly associ- 
ated for identifying and determining reservoir pressure 
in the material balance relationship can be resolved by 
treating with the Laplace transformations, the inversion 


Manuscript received in Society of Petroleum Engineers. office 
June 9, 1959. Paper presented at 34th Annual Fall Meeting of 
SPE, Oct. 4-7, 1959 in Dallas. 


1References given at end of paper. 
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of which reveals pressure as an explicit function of all 
factors contributing to its change. 


For an undersaturated oil reservoir, this constitutes 
an integrated effect from the inception of production; 
and for a saturated oil reservoir, such represents a sur- 
vey traverse. However, what is most important, for the 
first time we are able to express the pressure change in 
a reservoir directly to the oil, gas and water produced, 
and to the physical parameters of the formation, in the 
same manner that reservoir pressure has served in the 
past to define well interference — which opens up this 
avenue of endeavor for investigating interference be- 
tween oil fields. 

The occurrence of interference is by virtue of the 
juxtaposition of two or more oil reservoirs producing in 
the same aquifer. Thus, in any one field, the extended 
production so incurred creates a pressure lowering in 
the field, as well as in the aquifer, which can now be 
transcribed by these simplified material balance formu- 
las to the adjoining reservoir to observe the increased 
pressure change so induced. These effects are retroactive 
from field to field, to reveal a pressure drop far in ex- 
cess of normal depletion to evidence the interference 
pattern that can result. 


Such is the purpose for the present undertaking — to 
develop the mathematical physics treating with this phe- 
nomenon of interference between oil fields, employing 
the simplified material balance formulas. Since Ref. 1 
often will be referred to in the text, it is identified as 
“The Simplification”, in the same connotation that an- 
other paper has been referred to as the “Laplace Trans- 


99 2 


formation’’. 


However, the amount of material to be covered in 
these passages is substantial; therefore, the total em- 
phasis will be placed upon developing these fundamental 
ideas treating with interference rather than attempting 
to offer work curves, which always can be prepared. 
For the practical application of these simplified material 
balance formulas that form the framework of the pres- 
ent development, the reader will find a comprehensive 
treatment in the Appendix of Ref. 1, illustrating a fac- 
tual field example. 


In essence, what is proposed by this presentation is 
to make available to the practicing engineer a simplified 
means to treat with interference between oil fields, in- 
dependent of the complex machine computations that 
have attended such undertakings in the past. As the 
problem unfolds, a common pattern will be discern- 
ible, whereby the many reiteration processes that pre- 
viously required computing devices are eliminated, 
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The basic problem to be presented treats with two 
oil fields producing in the same aquifer. Although this 
number is only employed for simplicity to demonstrate 
the mechanics involved, there is no limit as to the num- 
ber of fields that may exist because the same methods 
and procedures would apply to any array of reservoirs 
producing in the same aquifer. 


However, what has proved to be the crux of the 
problem has been the introduction of the time sequence 
for the inception of production between oil fields. Al- 
though such may appear unimportant at this reading, 
some reflection on this point will evidence that the ac- 
counting for the water drive on a newly discovered field, 
with one long established in production, is not so easily 
foreseeable from our ordinary understanding of mathe- 
matics. Thus, the resolution for this problem has en- 
tailed analyses and, though it transcends into the realm 
of more advanced work, such has been necessary be- 
cause the information is not available in the literature. 


It is the accomplishment of this step that the more 
rigorous treatment for interference is presented, taking 
each field in the order of its most recent discovery. This 
is further reduced to a more practical application, 
whereby the voidage incurred in any one field can be 
transcribed to a subject field through the inter-communi- 
cating aquifer, expressed as either a “step-wide” or 
“broken-line” fashion pressure effect to encompass this 
same solution. 


The proof of what is accomplished here, for all prob- 
lems treated, is the interference between wells when 
time becomes large. This is the same observation made 
in The Simplification’; i.e., if the time of production be- 
comes sufficiently great, the configuration of an oil field 
approaches that of a producing well and, since these 
problems are compatible, the interpretation for field in- 
terference becomes identified with well interference. 


There are associated problems that must be consid- 
ered in a study of this nature. These relate to the phys- 
ical data, such as the behavior of the hydrocarbon fluids 
in place, and to the change of the formation character- 
istics. With respect to the former, such data are pre- 
scribed by PVT analyses performed in the laboratory; 
their application in the simplified material balance for- 
mulas have been discussed at length in the earlier work.’ 
Thus, in this interference study, the volumetric change 
of the hydrocarbon fluids in situ for a given reservoir 
can be specifically accounted for as distinct from other 
reservoirs that can exhibit entirely different fluid prop- 
erties, and so reported in the PVT analyses. 


The second point — the consideration of the physical 
parameters, or the changes in permeability and sand 
thickness in the aquifer as such can effect water drive— 
has been approached from the mathematical treatment 
of the unsteady-state fluid flow for sands of different 
permeabilities in series. 


What has been deduced analytically reveals that the 
influence of one field’s behavior upon another is least 
dependent upon the variations in formation character- 
istics that exist in the intervening aquifer, but is depen- 
dent upon the voidage and the distance removed of the 
source or interfering field to the subject field, which 
effects a pressure lowering upon the latter expressed by 
the permeability and sand thickness present in that sub- 
ject field. Again we have occasion to observe that the 
criteria that control water drive are the formation char- 
acteristics existing in an oil reservoir itself, regardless 
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of whether or not such water drive has been influenced 
by the presence of exterior removed fields. 


INCEPTION OF PRODUCTION 


The problem to be presented constitutes two parts — 
that designating the interference effects upon Field A 
and, in turn, that describing Field B, which has been in 
production much longer, with both fields producing in 
the same aquifer to cause interference with one an- 
other. As a consequence of the times of discovery, 
Field A is subject to interference almost from the 
inception of production, whereas Field B performs 
as a single entity for some time before this effect is 
felt. It is to incorporate these initial conditions and the 
inception of production that Field A is offered first, to 
illustrate the mathematics involved. 


The physical insight as to the performance of Field 
A is evidenced from Field B. Thus, the voidage in- 
curred in that reservoir by its production of oil and 
gas, and partially compensated by the influx of water, 
creates a pressure lowering not only within this field, 
but throughout the entire aquifer to include the domain 
occupied by Field A. The immediate problem is to re- 
late these conditions. 


To undertake this solution, it is necessary first of all 
to define the basis of reference. One such condition is 
stipulated for the cumulative pressure drop Ap, which 
is expressed as that difference between the initial reser- 
voir pressure observed upon discovery and inception of 
production in Field A and any subsequent reservoir 
pressure measured during the course of its production 
life. 


Simultaneously with this change in pressure, another 
change in pressure Ap*, must be accounted for in Field 
A. This is the cumulative pressure drop transcribed 
through the inter-communicating aquifer to Field A by 
that voidage incurred in Field B. Although it will be 
shown analytically that Ap adjusts for this second 
change in pressure; nevertheless, there must be intro- 
duced in these relationships the origin and sustainment 
for Ap*i.e., the depletion from Field B. 


With these conditions defined, the undertaking of the 
interference study is a continuation of the differential 
form of the material balance equation developed in The 
Simplification. With reference to Field A, subject to 
water drive, this relation is expressed as 


Na, = Nowa, dAp + Qo (Biyt( Rei) 
dt, dt, k 


to 
Bgyt93)-2 7 d(Ap-Ap’) 
dt, 
Q'(t,-t3) dt? 


(I-1) 


where tp = kt/uoCwra” and ra is the radius of the field. 
This formulation is comparable with what is deduced by 
Eq. 59 of the earlier work* in encompassing a survey 
traverse for a saturated oil reservoir, for which the sub- 
script “M” refers to a previous survey. 


What is stated by this relationship, is that the volu- 
metric change of the fluids in situ are controlled by the 
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over-all pressure drop observed in the field. However, 
the pressure gradient exerting a water drive on the res- 
ervoir is the resultant of this over-all pressure drop Ap, 
minus the pressure change Ap* transcribed by Field B 
to the domain of Field A. 


It is possible that this simple statement of the prob- 
lem renders this work different from that reported in 
the literature. Because what has been envisioned in the 
past is that interference is entirely a superposition appli- 
cation of one field’s performance upon another. This 
concept still applies, but only as it pertains here to the 
mechanism for water drive upon a reservoir, Thus, since 
Ap can be explicitly identified and related to all the fac- 
tors contributing to its change in these simplified material 
balance equations, the adjustment for the volumetric 
expansion of the fluids in situ are automatically ac- 


counted for in these formulas without resorting to any — 


trial-and-error procedures to identify the equations of 
State with the over-all pressure drop. The designation 
for the water drive likewise follows from this explicit- 
ness; primarily since Ap* contributes to this over-all 
pressure drop, the net effect for water drive is compara- 
ble to the reservoir producing as a single entity in the 
aquifer to give the pressure gradient, Ap — Ap*. 


The isolation and the equating of Ap are performed, 
as before, by the application of the Laplace transforma- 
tions shown in The Simplification. However, the boun- 
_ dary conditions must be taken into consideration in ap- 
plying these transforms for the different pressure changes 
and variables associated in Eq. I-1. Thus, with the dis- 
covery of Field A, the first information is made avail- 
able as to its initial formation pressure, which means 
thatAp is zero in time zero and the transform for dA 
p/dtp can be written as pAp where the operator p refers 
to the dimensionless time in Field A. Likewise for 
Q’ (tp), since no water influx per se had entry into Field 
A prior to its discovery, it follows that the transform 


for this term can be expressed as pO. E 


With respect to the transform for Ap*, these simple 
notations no longer apply. We do know that, at the be- 
ginning of production in Field A, the exterior reservoir 
can exert an initial pressure drop Ap,* in Field A, and 


it is this effect that must be accounted for in treating — 


Ap*. Thus in the solution of Eq. I-1, even though it is 
identified with the dimensionless time for Field A, in 
the final analysis it must be related to Field B which 
has given origin to its existence. These factors will now 
be incorporated in Eq. I-1, converting that relationship 
to Laplace transformations, or 


Na,pAp= Nom a,pAp+ Uy Gol Bi yt (Row Rs;) Os) 
kp 
-277 7 gcyhr, 


= t tp ’ ’ ’ 
dAp(t?) 
dt, 

(1-2) 


In treating with Eq. I-2, and the infinite integral, the 
emphasis will now be placed upon making the conver- 
sion for the latter. This involves the time sequence for 
the inception of production between Fields A and B, 
previously discussed, and only by a rigorous interpreta- 
tion of analyses is this solution performed. 
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Prior to engaging in this undertaking, it is necessary _ 
to define Ap* mathematically, associated with its phys- 
ical parameters as transmitted to the domain of Field 
A. However, rather than to present a detailed derivation 
at this time which can prove a distraction in these pro- 
ceedings, Ap* can be expressed symbolically as 


Ap= AP 


(3) 
which is a function of 
(1-4) 
and dimensionless time 
a= ( 
(1-5) 


where raz is the distance between reservoirs and rz is 
the radius of Field B. The dimensionless time t;, so de- 
fined, has specific reference to Field B for its absolute 
time, field radius r; and associated parameters compar- 
able to tp for Field A, already incorporated in Eq. I-1. 


Though the latter dimensionless time for the subject 
field could be referred to as t,, comparable to fz, it is 
adopted as t) in conformance with the Society’s sym- 
bols in offering continuity with the work that has gone 
before." The same consideration applies to the use of 
p, instead of p,. Both are interchangeable. ; 

Thus the Laplace transformation for Eq. I-3 takes 
the form 


Ap = Ap 


(1-6) 
where pz is the operator for fz. 

With reference to this formula, the reader will now 
recognize that there are two operators to be considered, 
pa and pz, in performing the Laplace transforma- 
tion for the infinite integral given in Eq. I-2. However, 
the conversion from one operator to the other offers no 
difficulty because the basic precepts for a Laplace trans- 
form show that an operator is inversely proportional to 
those physical parameters associated with its absolute 
time in the dimensionless time relationship. Thus, for 
the two fields under consideration 


k A k B 


(I-7) 
and 
Nao Pa 
(1-8) 
where 
(1-9) 
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with 


N= ( k ) Na= ( k 


A 


(1-10) 


However, in its explicit meaning, the conversion for 
the operators so performed has reference only to the 
parameters associated with the respective fields, but the 
absolute time sequence for the inception of production 
between fields is not indicated, which necessitates an- 
alytical treatment to perceive the exact solution for this 
problem. Such is evidenced from the consideration of 
the following two theorems. 


THEOREM [| 
Thus given a function x(ct — a), such that 
X(ct-a)=0O; forO<ct<a 
(I-11) 


Therefore, its Laplace transformation with respect to 
time can be expressed as 


fe" x(ct-a)dt = x(uldu 
fo} c 


(1-12) 


where w= ct —a. Since the integral on the right is 


the transformation for x(u), given as x( p/c), then the 
resulting equation is the relation 


c c 


X(ct-a)dt=e= 
fe) 


(I-13) 


satisfying Eq. I-11. In its simpler form, Eq. I-13 is 
expressed as 


X(t-a)dt=e X(p) 


(1-14) 
THEOREM II 


As before, for any function G(t’ — a), the Laplace 
transformation can be written as 


provided that G(t’ — a) equals zero for 0 < t’/<a. If 
Eq. I-15 is multiplied by a second transform F (Dp), 
then this relationship becomes 


Pp 


(p)= F(p)G (t’-a)dt’ 


However, within this integral there is the same interpre- 
tation already deduced from Eq. I-14; namely, 
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F(t-1’)dt 
fo) 


(I-17) 


for which F(t — t’) is zero for the argument negative. 
Incorporating Eq. I-17 in Eq. I-16 and accepting the 
uniform convergences for the respective terms in inter- 
changing the order of integration, then 


(1-18) 


Since it has been stipulated that 7’ must be greater than 
a for G(t’ — a) to exist and since ¢’ is always less than 
t (Eq. I-17), then the integration for Eq. I-18 becomes 


(1-19) 


In summarized form this is the Laplace transformation. 


F(p)G(p) a) dt’ 


(1-20) 


Finally, if a is zero, Eq. I-20 becomes 


F(p)G(p) Cf 


(1-21) 


identified with Eq. 12 in The Simplification, for which 
the present development represents its derivation. How- 
ever, it is the format of Eq. I-20 that will now be em- 
ployed in making the conversion for the infinite integral 
expressed in Eq. I-2. 


With reference to the latter, the term in that inte- 
grand most pertinent to this investigation is the expres- 
sion, 


S(t,)= if dAp (t}) Q'(t,-t?) dt? 


(1-22) 


The identification of Ap* with t, indicates that, even 
though this pressure change is in existence prior to the 
discovery of Field A, it only becomes significant during 
the performance of this field to effect its water drive. In 
brief, what is described for Ap* isthe pressure difference 
between Ap* and Ap,*, which is zero up to the inception 
of production that identifies this term as a function 
Of tp. However, it is necessary to relate the origin for 
Ap* and the shift of the time scale, as reflected in Eq. 
I-22, back to total time; namely, the beginning of pro- 
duction in Field B to envision the conversion. 


_ The time scales so expressed are associated with the 
dimensionless time for each respective field, following 
the notation of Eq. I-10, to give 
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(1-23) 


where v denotes the absolute time difference between 
the inception of production in both fields. Thus, the 
introduction of Eq. I-23 in Eq. I-22 to ascribe this time 


shift shows that S(tp) can also be written as a function 


S(t)= ne Q’ (t,-t, 


Ne 

(1-24) 
for which Ap* 
Field B (&q. I-3), and Q’ is now the differentiation of 
Q with respect to t,. This, the reader will observe, is the 


exact format for Eq. I-20, which evidences the impor- 
tance attached to the theorems deduced. 


Following the legend of that theorem, each Laplace 
transformation in Eq. I-24 can be identified. Thus, 


(p,)= e dAp(u) du =p, Ap(p, )- Ap, 
du 


5(1225) 


where u is the transposed time scale and Ap,* is the 


lower limit in this integration, or what has been de- © 


scribed as the initial pressure drop induced in the ee 
main of Field A by Field B. Likewise, 


F(p,)= 


because QO(t;) is zero for time zero. Therefore, what 
has been an involved conversion, the pertinent term 
S(tp) in Eq. I-2, can be stated as a Laplace transfor- 


(1-26) 


mation for the total time sequence ft, by the relation- — 


ship, 


(1-27) 


in conformance with Eq. I-24. 


However, this is not yet the solution because: it is 
mandatory in Eq. I-2 that the Laplace transform for ev- 
ery term in that formula be performed with respect to 
Pa, over the time sequence t,. Even so, what is now 
deduced by Eq. I-27 offers the means for establishing 
this transform. Such is evidenced from the Mellin’s in- 
version formula given by Eq. 49 in The Simplifica- 
tion, or 


nal 
277i 


(1-28) 


Thus, the parameter \ can be represented by pa or 
Ps, as there is little distinction between the two, 
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is already identified with the units for~ 


one is the function of the other, as indicated by Eq. 
1-8, However, since the Laplace transformation for 


P(A), or S(ps), is based upon the total time sequence 
for the system, this inversion must conform to time t,, 
and associated with its operator of corresponding units. 
This will treat with the integrand of Eq. I-28 as the 
actual mechanics for carrying out the contour inte- 
gration is not pertinent to the immediate problem. 


Therefore, the inversion for Eq. I-27 can be expressed 
by the appropriate term in the Mellin’s inversion for- 
mula, or 


dA=e?s's ) dp. 


=e Pe)- (ne P) Q (nee dp, 


Na Na 
(1-29) 
Thus, what is implied by Eqs. I-8 and I-23 is 
Palla 
"A Goes p.Q(p,)dp, 


ePa's (Re Q(p,) dp, 
Nz P, 


(1-30) 


In brief, what is expressed by Eq I-30 is the actual 
notation that would apply in the Mellin’s inversion for- 
mula for the invokment of the time sequence for Field 
A, subject to the operation by p.4. Since nothing has 
been changed from the context of Eq. I-27, but merely 
the substitution of values pertaining to its inversion, then 
what is recognized for this integrand is the Laplace 
transformation that conforms to the infinite integral 
given in Eq. I-2, or 


Ap (p,) - ap, 
Ne Pr 


(1-31) 


Thus, with the resolution of Eq. I-31, the full im- 
plication of the interference phenomenon upon Field A 
can be established. This is performed as illustrated in 
The Simplification, where the inexplicitness previously 
associated for the material balance formulas is nullified, 
and Ap now can be explicitly solved algebraically in 
Eq. I-2 to yield 


Ou + 
p*(1+0,pQ(p)) 
Te (p2)Q(p) - 544 

(1+6,pQ(p)) (1+0,,pQ(p)) 


Ap =/ Bont Os) 
277 kh 


(1-32) 


This relates the over-all pressure drop induced in Field 
A subject to all factors contributing to its change, such 
as its own voidage and water drive, as well as the ex- 
terior influence from Field B. The identity for ox, is as 


before 
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O,= 27 
(Na,-N5y 2) 


(1-33) 


associated with a previous survey in Field A. 


TRANSCRIBING PRESSURE 


The deductions, as now performed, represent one 
phase of the interference problem, for which it is neces- 
sary to treat with all parts, since such constitute the en- 
tire solution. This particularly has reference to Ap* and 
its Laplace transformation which heretofore has been 
expressed symbolically by Eq. I-6. 


As mentioned previously, this is the pressure drop 
transcribed through the inter-communicating aquifer to 
the domain of Field A by that voidage incurred in Field 
B. Therefore, to undertake the inversion for Eq I-32 
and to establish Ap, it is necessary to define Ap* as a 
function of all factors contributing to its change. 


This naturally directs our attention to Field B and 
the conditions encountered in that reservoir that can in- 
fluence the behavior of the subject reservoir. However, 
what has been described for Field A applies equally to 
Field B; namely, the effective pressure gradient exert- 
ing water drive is identified with its performance, pro- 
ducing as a single entity. 


Thus, the effective pressure drop induced in the aqui- 
fer is determined from the balance between the rate of 
voidage encountered in that reservoir and the rate of 
water encroachment from the aquifer needed to replace 
the space voided by the fluids produced. Such is evi- 
denced from Eq. 65 in The Simplification, or 


27 kh/s 


On K,(p'?) 
ps? (0, K + pi K.(p,)| 


(II-1) 
with 


(27 | 
Na, -Non a, 8 


(iI-2) 


for which the modified Bessel functions of the second 
kind apply for the geometrical configuration. In its ap- 
plication, the fluids in situ must be accounted for by the 
over-all pressure drop observed for a previous survey 
expressed by subscript “N” in Field B, as distinct from 
subscript “M” in Field A. 


What is defined by Eq. II-1 is the effective pressure 
component for the reservoir producing as a single en- 
tity to evidence the movement of water toward Field 
B, which now must be transcribed to the domain of 
Field A. 


Such transmittal of pressure change is performed by 
fluid-flow mechanics, Thus, it is shown in the Laplace 
Transformation’ that, if a well or field is subject to a 
variable rate of prodution, the pressure so induced is 
expressed by Eq. IV-16 in that publication, or 


180 


to 
Ap=4q,(0)P(t,) + | ddol(to) P (t,-t,) dt, 
(II-3) 


where gq, is the variable rate and P(t) is the pressure 
drop for the constant-rate case occurring at its boundary 
in dimensionless time, tp. The indicated symbols are 
merely presented in a generalized manner and have no 
reference to a particular field. 


However, for the problem at hand, the actual desig- 
nation of the variable rate in Eq. IJ-3 is unknown, which 
invokes that following mathematical approach to encom- 
pass this solution. Thus, by Eq. 12 in The Simplifica- 
tion’ (or what corresponds to Theorem II in this paper), 
Eq. II-3 can be reproduced as Laplace transformations, 
or 


Ap=pq,P(p) 
(11-4) 


This, in turn equated to Eq. II-1 and substituting the 


Laplace transform for P(p) by Eq. VI-4 (developed in 
the earlier work’) that would prevail at the field’s edge 
for unit radius, shows that 


(Bry +(Roy-Ri) Bon + 93), 
277 kh 


8 
On K,(pg”) 
Ps [ + Pe’? 


(II-5) 


This re-introduced in Eq. II-4, but now subscribing 


for P(p), the actual distance removed Field A is from 
Field B; then 


Ap’= Rsi) Bont 
277kh/s 


Pe” 


(II-6) 


which is the identity for Eq. I-3, where r’4z is defined 
by Eq. I-4. In brief, what is described by Eq. II-6 is 
that pressure lowering transmitted through the inter- 
communicating aquifer to the domain of Field A by 
that voidage incurred in Field B. 


The inversion for Eq. II-6 follows from the Mellin’s 
inversion formula taken around the contour shown in 
Fig. 1, which has been described at length both in the 
Laplace Transformation,’ and in The Simplification. 
Therefore, the detailed analysis is omitted to reveal 
that 


Gow ) (Biy + Rei) Boyt 
27kh/; 
(II-7) 
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+V*(0, 


where 


U(dy,u) = dy J, (u) Jo(u) 


and 


V(y, U) = OyY, (u)-uY,(u) 


for which it will be recognized that for r/, equal to 


unity, corresponding to the boundary of Field B, then 


N( = N( 
(II-9) 


giving the relationship identical with Eq. 67 of the 
earlier work.’ 


Further, if time is large and with p,; small, this trans- 
posed pressure as developed in Eq. II-6 becomes 


( q (Biv + (Rox - Rsi) Bo + Pa”) 
27kh/s Pe 


(II-10) 


where its inversion follows from the Laplace Transfor- 
mation’ to give 


Ap’ (Biyt (Row - Boyt Os), 
277 kh 


(I-11) 


where 


2 4t, 


(II-12) 


is identified with the P(tp) function given by Eq. VI-16 
in that publication. 


PERFORMANCE OF FIELD A 


It is well to review briefly what has been accom- 
plished to the present. This has entailed the analytical 
treatment of an individual field’s performance subject to 
interference from an older and established reservoir. 
The second part relates this exterior influence, which 


represents the voidage incurred in that neighboring field ~ 


transcribed through the inter-communicating aquifer to 
the domain under consideration. It only remains to com- 
bine these two effects as prescribed by Eq. I-32 to ob- 
serve the performance in Field A. 

The problem can proceed by substituting for this ex- 
terior effect the identity for Ap* defined by Eq. I-6 or 
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(II-8) 


_ its asymptotic expansion expressed by Eq. II-10. Since 


the former entails more symbolism, the preference is 
for the latter, if for illustrative purposes only. The full 
implication of Ap* will be deferred to a later treatment 
more conducive for engineering application. 

Thus, the incorporation of the solution for Field B 
transcribed to the domain of Field A with that field in 


turn portrayed for the total sequel of its performance 
history, shows that 


Ap= ( +(Roy-Rei) Bowt Os) 
27 kh 


Golly 
+p"*Ko(p')| 27kh/, 


(Bint (Row-Rsi) Bont OuKo( Nach?) 
p [o,K,(p”) + p”?)| 


6, AP, 
p [ou K,( p”*)| 


(III-1) 


where the operator pz has been converted to that of 
Field A by virtue of Eq. I-8, since the inversion must 
be performed with respect to the latter as developed in 
Eq. I-32. 


This follows from the Mellin’s inversion formula, il- 
lustrated by the path of integration (Fig. 1) to show 
that the over-all pressure drop induced in Field A by 
its own performance, as well as the exterior influence 
of interference from Field B, can be expressed as 


(8, 20) 


Z PLANE 


(8-20) 


Fic. 1—Conrour INTEGRATION IN THE COMPLEX PLANE. 
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Ap= (Brut (Rou- Rsi) Bout Os) 
27 kh 


* 
AB 1Onrto)- Apo W(6,, to) 


(III-2) 


The first term the reader will recognize is the identity 
for the simplified material balance equation relating to 
the field’s own performance, as prescribed by Eq. 67 
in The Simplification. The relationship W(r’s2,na2, om, 
tp) is defined as 


employing the context of the Mellin’s inversion for- 
mula, with p, the essential variable. Thus, 


(Byyt( Roy ~ Resi) Boy + Os) P(t.) 
277kh 


* 
- Ri) Bgyt it, AP, 


(11-6) 


This, the reader will observe, is comparable to the 
Lord Kelvin’s instantaneous point-source solution for 
interference between wells, for which the first term is 
the identity for Well A with its voidage incurred, the 
second term is the transcribing of the pressure drop in- 
duced by Well B to the domain of Well A, and the 


+ Yo( V(dy,u)-Y, (u) U(o,,u)] du 


sity Jol ast) ,u)+Y, (u) ,u)] 


u[U"(o, ,u)+V*(0,,,u)] 


(III-3 ) 


with and V(ox,u) being the functions re- 
ferred to in Eq. II-8. To facilitate these computations, it 
will be observed that 


J(u) U(o,,u) + ¥,(u) V(a,, ,u) 


= Oy +¥;(u)] +Y, (u) ¥,(u)] 


which can be subscribed by the Hankel functions, and 


V(o,,u) - Y,(u) U(o, ,u) = 


7 
with the functions given by the argument r’4ny42u, for 
the most part, expressed by the asymptotic expansions 
for Bessel functions. Finally, 


'>)du 
(oyu) 


The mathematics as so deduced in Eq. IJI-2 refer 
back to zero time in Field A, because Ap is zero at the 
inception of production. Likewise, it would be interest- 
ing to observe what happens for large times when the 
configuration of an oil field approaches that for a pro- 
ducing well, as described in The Simplification.* 


This invokes the operator p being small, for which 
Eq. III-1 becomes 


Ap = ( Bry + ( Row -Rsi) Boy Kol 
277kh p 


5 Biyt(Ron-Rsi) + 93), 


AP, 
Ps 


(III-5) 
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last term is the initial pressure-lowering effected by this 
exterior well at the inception of production in Well A. 
The dependency upon past production history is non- 
existent, which is discussed in The Simplification. 


NUMERICAL INTERPRETATION 


As previously mentioned, the expression for Eq. II-6 
could likewise be incorporated in Eq. I-32 to establish 


the inversion for Ap. Such would reflect the conditions 
when Ap* is other than a point-source solution, com- 
parable to early times in the productive life of Field B. 
However, to engage upon this development would only 
be a reiteration of the illustrative problem just accom- 
plished, for which this space can be utilized to intro- 
duce even another approach to the problem — the nu- 
merical interpretation for interference between oil fields. 


Such constitutes the actual pressure history transcribed 
by Field B to the domain of Field A. These calculations 
can be performed by either Eq. II-7 or Eq. I-11, for 
which numerical tables are available for the latter, already 
referred to in the earlier work.” 


Further, once these numerical values are subscribed 
to the subject field, such can be incorporated as a 
broken-line or step-wide pressure effect in Eq. I-2 to ob- 
serve the over-all pressure drop induced in Field A. 


This is the numerical approach as compared to the 
analytical deduction described by Eq. III-2. However, 
the choice of the method is the prerogative of the indi- 
vidual, and this numerical interpretation can have a 
greater appeal for the engineer. Nevertheless, it should 
be pointed out from a practical consideration that the 
analytical approach offers the means of traversing from 
the cumulative production for a previous survey in both 
Fields A and B to the subject survey to establish inter- 
ference pressure; whereas the numerical interpretation 
now entails the accounting for the total sequence of the 
pressure performance for Ap*, although Field A will still 
reflect a survey traverse. 
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Even so, with this condition recognized, the numer- 
ical interpretation is easily amenable to implement in- 
terference studies, for which the broken-line pressure 
effect originally presented in an earlier work’ will be il- 
lustrated first, followed by the step-wide pressure por- 
trayal. 

Thus, the pressure surveys transcribed to the domain 
of Field A can be represented as 


Ap, Ap, — — — 
for time tp equal to 
O, to, to», tos ton ty 


respectively, where is identified with the final time 
in Field A. Since what is implied by the broken-line 


pressure effect is a sequence of straight lines joining 


each successive pressure survey, then the slope for the 


corresponding interval must be a constant, or 


* * 


* * 
Ap. Ap, to< to< 


* * 

S257 Aps Ap. , tox tos 
tog to, 


* * 

toy tons 
. (CV-1) 


The dimensionless time is absorbed in these constants 
which can be re-adjusted for the absolute time in the 
actual computations, although the former suffices to 
present these analyses. 

Further, since what is involved in Eq. I-2 is that term 
represented by Eq. I-22, the portrayal for the broken- 
line pressure effect is the relationship. 


S(t,) = Saran Q(t,) Q( to) ) + to) 


(IV-2) 


Since this must be deduced as Laplace transformations, 
it follows from Eq. I-12, that 


S(p) = Soe -e°™)Q(p) e°to2)Q(p) 
@ PtOn-)Q(p) +Sn-1,0( e °',)Q(p) 

(IV-3) 
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The addition of the last term reiterates that O(t)) is 
zero at time, fp,. 


This formula introduced in Eq. I-2 yields the rela- 
tionship 


Ap i (Rone Rsi) Bou + a;) 


27kh 
OwKo( p'/?) 


K,( 
+ 


( e@ Ptoj-1 -@ Proj) 


(IV-4) 


expressed in Bessel functions, where fp, is time zero for 
Field A. 


The inversion follows the same procedure as already 
employed. The first term is the development of The Sim- 
plification,” which is also reproduced in Eq. III-1. The 
inversion for the second term evidences a pole at the 
origin of Fig. 1 to give the time difference tp, — tp,_, 
shown in the summation. It is the association of these 
time differences with their respective slopes that yields 
the constant Ap*,, — Ap*,, incorporated in the final for- 
mula, or 


Ap (Bry * Rsi) Bow + OuN (Oy, to) 
27kh 


n-l 
+ (Ap, Ap.) toj-1) 


N(Ou, to to; ~ t 


Dn-1) 


(IV-5) 


This is the same N(oy,tp) function deduced in The 
Simplification, for which a work plot has already been 
provided that facilitates the undertaking of interference 
studies. 


Further, if time fp is large or what would correspond 
to a point-source solution with o,, infinite, then 


Ap ‘ a;) 
27 kh 


P( tp) + Apr - Apo 


(IV-6) 


which is the identity for individual well performance 
subject to interference, as shown by Eq. III-6. 


The illustration of the pressure plateaus, or the step- 
wide pressure effect that served as the example in the 
Laplace Transformation’ to define pressure history, fol- 
lows this same procedure. However, to apply this meth- 
od, the identical pressure changes are employed as 
transcribed in the previous case to the domain of Field 
A, but now interpreted in the following fashion: 
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dos= AP, O< to<to,; 
2 


* * 
dis = Ap2- Apo, < toes 


2 


* * 
Aps~ ty<th< tos 
2 


Ap, AP,-2 ? to, to, 
2 


(IV-7) 


with the sum equal to (Ap* + Ap*,) /2 — Ap* 


What is portrayed is a series of pressure steps pro- 
jected through the mid-point of two successive pres- 
sure Surveys, a procedure that can be subject to differ- 
ent engineering interpretations, but the generalization for 
this method as herein presented remains unchanged. 


Since such constitutes a series of constant terminal 
pressure cases for the time periods specified, then the 
Laplace transformation for Eq. I-22 can be expressed as 


(IV-8) 
This relationship incorporated in Eq. I-2 yields 


Ap “(gous Row Rep) Bou 
277kh 


3/2 “ i-1,8 


e@ K, (p”?) 
p’?) + | 


(IV-9) 


for which its inversion is the expression 


277kh 


+ to - t5;-,) 


j-l 


(IV-10) 


with W(ow, tp) given by Eq. III-4. 
If as before we treat with the point-source solution 
for which time is large, then Eq. IV-10 becomes 


( Gata, + Ru) 95) 
277kh 


* * * 
+ (Ap, + dp,.,) - Ap, 
2 
(IV-11) 
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that is again identified with Eq III-6, the individual 
behavior of a well subject to interference. 


Such are the concepts of the numerical interpretation 
for interference between oil fiields. With this phase of 
the work now concluded, we turn our attention to the 
converse problem—the interference of Field A upon 
Field B—in completing the time sequence for the incep- 
tion of production between oil fields. 


PERFORMANCE OF FIELD B 


The work now performed entails the fundamental 
aspects for the treatment of interference between oil 
fields. Therefore, what is included here are these same 
phenomena, but now applied to the conditions existent 
in the exterior field. 


Since Field B is the original discovery in this aqui- 
fer, it will produce as a single entity until some time v 
in its productive life, when it will begin to feel the in- 
fluence of interference from Field A. At that time, and 
for all subsequent times, the effect of the more recent 
discovery upon this subject field will increase the over- 
all pressure drop in Field B in excess of what would 
be observed for its normal depletion and water drive 
had it continued to produce as a single entity. 


It is to encompass these conditions that the presen- 
tation follows. In this respect, the subscripts will be em- 
ployed to a greater degree to designate those quantities 
associated with the respective fields. Thus, the over-all 
pressure drop induced in Field B is identified as Apz, 
as distinct from Ap employed in the previous example. 
Further, the pressure drop incurred in Field B by Field 
A is referred to as Ap’, as different from Ap*, when the 
transcribing is in the opposite direction. This is merely 
a matter of nomenclature for distinguishing purposes. 
Finally, the reference survey in Field B is expressed by 
“N”, which has already been identified in Eq. II-7. 


With these conditions so defined, the equivalent for- 
mula to Eq. I-2 that depicts the performance of Field 
B is expressed as 


N a,peAps = 
k B 
Bin t R;i)Bon +a;), 
Ps 


- (276 Cwhra)s peAps Q(ps) 


dAp(th- nev) Q'( th) dtidt, 
dt, 


(V-1) 


The inclusion of the function t;’ — ngv in Api is to evi- 
dence that this term does not become effective in the 
total time sequence until the influence of Field A is felt. 


As before, the immediate interest is in the infinite in- 
tegral given in this equation, or as previously stated, to 
establish the Laplace transformation for 
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dt, 
(V-2) 
Hewever to accomplish this purpose we must recog- 
nize the essential parameters associated in this formula. 


Since Ap’ is the identity of Field A acting as a single 
entity, it takes the format of Eq. I-3, or 


Ap! = Ao (re. 


(V-3) 
where 


(V-4) 


Its transform is the expression 
p= Ur Pa) 
(V-5) 
Portier, conversion for the operators 
still applies, but now referred to as 


2 


NoaPs 


(V-6) 
with 


ns/Na 


as shown in Egg. I-7 to I-10, inclusively 

Further, since Ap? is now given in the time units of 
Field A, it is convenient to resolve Eq. V-2 in these 
same units, or 


tn 
Ns Nav dt, Na 


: (V-7) 
Pheretore. recognizing nae is implied by Theorem II 
and Eq. I- 20 and employing the conversion expressed 
by Eq. V-6 with the Mellin’s inversion formula, its La- 
place transformation takes the form 


S(p,)=e Ps Ap( Px) 
Na 
(V-8) 
which invokes the operator p;. The exterior influence 
from Field A that occurs in-the later life of Field B 
is now accounted for by the exponential term that ap- 
pears in this formula. 


Thus, incorporating Eq. V-8 in Eq. V-1 shows that 
the over-all presure drop induced in Field B is ex- 


pressed by 


Ap,= ( + (Row - Bay + 
277 kh/, 
+ 124, Ap(p,) Q(p,) 
(1+ 6, Q(p,)) 


On 
p.Q(p,)) 


(V-9) 
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with 


276 conte | 
Na,-N ya, B 


(V-10) 


This is comparable with what has been deduced in 
Eq. I-32 to depict the behavior of Field A. Therefore, 
since what follows is very much in line with the de- 
velopments already incurred for the previous case, only 
the essential formulas will now be reported as pertains 
to the performance of Field B. 


Thus, the transcribing of the pressure change from 
Field A to the domain of Field B are the expressions 


277 khi, 


ON Ow 


(V-11) 
with N(r’ns, Om ta) given by Eq. IJ-8, and 
Ap (ras st.) = qo Hw 
27kh/ 
(V-12) 


comparable to Eq. II-11. 

With the Laplace transformation for Eq. V-12 now 
inscribed in the generalized form of Eq. V-9, the coun- 
terpart to Eq. III-2, is defined as 


\277kh/s 


277kh /, 


6, Ons eV) 
(V-13) 


where W(r’z4, ov, ts — nev) iS expressed by Eq. III-3. 
The time difference ¢; — nm, v is brought into existence 
by the exponential term already identified in Eq. V-8 
exactly as one would visualize this incurrence from the 
exterior source. 


It is well to explore as before the significance for 
Eq. V-13 with time large or p, being small, which 
corresponds to the point-source solution for Field B or 
what would be representative for individual well per- 
formance subject to interference from an exterior well. 
Thus, its asymptotic expansion designated in Laplace 
transforms yields the expression 


277 kh 
+ (Bru +(Rpw- Rsi) Bout Os), 
2 7kh 
Pa 
(V-14) 
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The operator p, as so defined in the second term of 
this equation corresponds to the full time scale of Field 
B, although expressed in the units of Field A. There- 
fore, what is designated by Eq. V-14, the reader will rec- 
ognize, is the point-source solution for interference in 
Well B subject to the pressure drop incurred by Well 
A from the instance for the inception of production in 
the-latter. Its inversion is now identified in the final form 
as 


27kh/, 
( -Rsi)Boy +93), P( tens 
27rkh/, 
: V-15) 


which is the exact relationship for delayed well inter- 
ference familiar to most. 


The numerical interpretation is briefly subscribed in 
conformance with the previous case. Thus, the pres- 
sure history of Field A, transcribed to the domain of 
Field B, can be expressed as 

for time t; equal to 


respectively. What is portrayed, is that this pressure his- 
tory starts at time 7,v in Field B, 


The slopes for the broken-line pressure effect can be 
expressed as 


AP, 
te, NeV 


te, 


(V-16) 


The final formula yields 


Ap, “( -R,i) Bg, +053), 6, N(o,, t,) 
27kh/, 


Ap, ta-ts,., )- N( 0, -te,)] 
-Sn-1,a N(oy, te- ten.) 
(V-17) 
the time as so incorporated for fs, is the initial time, 


Nev. 
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Likewise for the pressure plateaus or the step-wide 
function, 


do Ap, 3 nev < ts, 
2 
t 
d,, 9 te, < Ba 
(2 


= Ap, AP,.2 < t, < 
2 


(V-18) 


for which the resulting formula is the expression 


Ap,= ( w Rei )B,, +95), 9, N(o,,f,) 
27kh 


(V-19) 


The generalized effects for both Eqs. V-17 and V-19 
yield the point-source solution of Eq. V-15 when time 
is large. 


Such constitute the interference between oil fields, 
made possible by the simplified material balance for- 
mulas developed in the earlier work.’ Although only 
two cases have been employed in these developments, 
these suffice because they offer the criterion for treating 
with any number of oil fields in the aquifer; primarily, 
as the sequence for the inception of production has 
been specifically accounted. Thus, if a field is subject 
to interference from a network of fields, those fields 
preceding its productive life take on the configuration 
of Field B in the identical manner as such terms ap- 
pear in Eq. I-32; whereas, those fields following the 
discovery of the subject field reflect the interference as- 
sociated with Field A in Eq. V-9. In brief, the beha- 
vior of a field can include the composite of interfer- 
ence effects from the preceding and later discoveries, 
for which the work herein performed takes on a fixed 
pattern for the inclusion of their respective terms in the 
over-all pressure drop. What pertains to this analytical 
application applies to the entire concept of interference, 
including the numerical interpretation. 


It likewise can be mentioned that the more rigorous 
application of the simplified material balance formula, 
expressed by Eq. 74 in The Simplification, is also amen- 
able to define interference. Since this would entail more 
analyses than present space permits and recognizing 
that this rigorous treatment is a refinement of the basic 
formulas herein employed, such reporting is deferred to 
another publication. 


Also it is to be stated that the interference studies 
now performed can include barriers or faults existent 
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in the aquifer. This is the image problem. Thus if a 
fault exists, the equivalent placed field on the opposite 
side of the fault, and an equal distance removed, forms 
a barrier impenetrable for the movement of water. This 
ee include a series of images to even enclose an aqui- 
er. 


SANDS IN SERIES 


The work hereto performed has dealt with the many 
variances involved in an interference study, such as 
the differences in the fluid properties of the respective 
fields, and the voidage encountered in each individual 
field’s performance as such constitutes the interference 
pattern. It only remains to give emphasis to the varia- 
tion in formation characteristics that occur in a reser- 
voir. — 


This has reference to the changes in formation per- 
meability and sand thickness that play a part in well 
interference, as well as in transcribing the pressure drop 
from field to field. The problem that will be presented 
involves mathematics; nevertheless, what is concluded 
is most revealing to evidence the simplicity entailed to 
account for these variances in the formation. 


What will be depicted is the unsteady-state flow phe- 
nomenon for the movement of fluid through two sands 
in series in a radial configuration, with each sand of dif- 
ferent permeability. 


The boundary conditions associated with this prob- 
lem are as follows. Next to the wellbore and for a ra- 
dius a, the sand is designated to have a permeability k.,,, 
which differs from the permeability k,., defined for the 
sand extending from radius a to infinity. The basic dif- 
fusivity equations as pertain to these respective sands 
are expressed as 


r=a 


d*Ap, + | dAp, = dAp, . 
dr ror dt, 


dr’ dr dt, 
(VI-1) 
where 
Kot Kat 


with ¢ the absolute time. 
Further, at the interface a, the conditions that must 
be satisfied, are the identities 


Ap, = Ap, 
(VI-2) 
and 
ko, dAp,= k..dAp, 
dr dr 
(VI-3) 
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That is to say, the formation pressures are the same 
and the rate of fluid flow from one sand into the other 
must be equal at all times under these transient condi- 
tions. 


Translated into Laplace transformations, these for- 
mulas are expressed as 


d*Ap, d Ap, = > 
dr’ dir, 


d*Ap, d p.Ap, 
dr’ r dr 


where p, and p, are the operators corresponding to times 
t, and f, respectively. Further, 


Ap, = 


(VI-S) 
and 
kod Ap, = Kord Ape 
dr 
(Vi-6) 
at r= a. 


To satisfy the boundaries of this problem and to sim- 
ulate a producing well, we resort to the expediency of 
placing an instantaneous point source Q at the origin 
of this system, which originally contained no fluid, and 
permit this infinitesimal amount of fluid to flow out into 
the reservoir. The pressure drop expressed by this con- 
dition is the relationship 


Ap= Q AE 


(VI-7) 


for which the solution is given in Carslaw.* Its conver- 
sion to the Laplace Transformation is the formula 


Ap= Q 
27 


(VI-8) 


referred to in Eq. 920.1 of Ref. 5 where K,(z) is the 
modified Bessel function of the second kind already re- 
ferred to in the text. 


From this point on, the Laplace transformations lend 
themselves readily to solving the more difficult boun- 
dary conditions at the interface imposed by Eqs. VI-5 
and VI-6. Thus, instead of treating two variables, radius 
and time in a partial differential equation, the Laplace 
transformations as indicated in Eq. VI-4 permit the 
treatment of one variable, namely, radius in a total dif- 
ferential equation. Further, to explicitly satisfy these 
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boundary conditions, the instantaneous point-source so- 
lution is amplified to include additional terms, such as 


27 
(VI-9) 
and 
Ape = B Kol p2 1) a<r<o 
(VI-10) 


where A and B are constants to be established from 
Eqs. VI-5 and VI-6. 


with 
2 
Kas 


(VI-15) 


Therefore, the determination of A and B in Egs. 
VI-11 and VI-12 yield 
A= @ (np, 


27 a) K,(n 
(VI-16) 


and 


B= Qn 


27 a)K (np, a) a)K,(np' a)| 


(VI-17) 


Although the format of the instantaneous point-source 
solution is still maintained in these formulas, the appen- 
dage of the modified Bessel function of the first kind 
and zero order, or I,(z), is introduced here to permit 
the algebraic solution of two equations and two un- 
knowns, evidenced for Eqs. VI-5 and VI-6. However, 
since it is known that for increasing arguments z the 
Bessel function I,(z) becomes increasingly large and 
K,(z) approaches zero, it is therefore evident that for 
the domain greater than r = a only the modified Bessel 
function of the second kind can apply, which satisfies 
the condition that for large distance removed the over- 
all pressure drop is zero, or conversely, the initial pres- 
sure is fixed. 


The algebraic solutions for A and B from the condi- 
tions imposed by Eqs. VI-5 and VI-6 follow as a mat- 
ter of requirement, which is facilitated by the relation- 
ships K,’(z) = — K,(z); and I,’(z) = L(z), WBF,’ or 


Kol pia) + = B Kol 
27 
(VI-11) 


and 


27 
(VI-12) 


However, the interpretation for p, and p,. is adapted 
after the same procedure already employed in Eqs. I-7 
and I-8. Thus 


P, ~ ; P2 ~ BUC 
Ko 
(VI-13) 
where 
Pe= np, 
(VI-14) 
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To convert the instantaneous point-source solution 
to the constant-rate case, it is necessary to consider 
what is implied by the value Q. As shown by Carslaw,’ 
Q corresponds to a pressure change times an infinitesi- 
mal area. Multiplying Q by porosity ¢, sand thickness 
h, and fluid compressibility c,, converts Q from an ab- 
stract meaning to represent an infinitesimal amount of 
fluid when placed in the system instantaneously flows 
out into the reservoir. Its volume corresponds to the ini- 
tial static pressure conditions in the formation. Thus, 
the relationship for Q can be stated as 


27 27 
(VI-18) 


where q, is the instantaneous rate of fluid movement 
into the reservoir. Expressed in time ¢,, this yields 


= Qobodt, 
277 27k 


(VI-19) 


Therefore, if g, is fixed, or the constant-rate case, 
the integrated effect as so evidenced for Eq. VI-19 ap- 
plied to the instantaneous point-source solution Eq. VI-8, 
gives 


Ap =~ Qolio Kol 
27 py 


(VI-20) 


Thus by the interchange of 1/p, for Q/27 in these 
formulas, they correspond to the P(t,) functions de- 
veloped in the Laplace Transformation,’ for which the 
unit rate of production is defined as qg,u.,/27k,,h. There- 
fore, by what is expressed by Eqs. VI-9 and VI-10 with 
these constants already established, the Laplace trans- 
formations for the P(t,) functions can be stated as 
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(VI-21) 
and 
r>a 
Ko(np.2r) 
opi + K,(np;a)] 


(VI-22) 


c Their inversions follow from the Mellin’s formula, employing the contour integration as shown in Fig. 1. Thus 


rine (ise tur) au o<r<a 
7a 
_and for the sand further removed, 
foe} 
M(nua) - Jo(nur) N(nua)] du 
2 
Ta J, 


where 


M(nua) = Jo(ua) J, (nua) - nu,(ua) J(nua) 
and 


N(nua) = J,(ua) Y,(nua) - ¥,(nua) 


The validity for these solutions are verified by the con- 
ditions imposed at the interface. Thus at the radius a, 
the substitution of these formulas for pressure as well as 
their respective differentiation, both Eqs. VI-2 and VI-3 
are explicitly obeyed. 


This problem can be treated for as many sands as 
occur in series; the format is quite evident. Likewise, 
the explicit wellbore radius can be incorporated with 
the boundary conditions as so entailed, which are all 
_refinements of the immediate problem. Nevertheless, it 
is the general aspect of these problems that we wish 
to explore. Such can be developed from Eqs. VI-21 and 
VI-22 for the time large, or what would correspond to 
the operator p, being small. 


Thus, under these conditions Eq. VI-21 becomes 
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P, = Ko( pr) Ko( p, a) n° Kol n P, a) 
Pp, 
(VI-25) 
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(VI-24) 


for which its inversion is the expression 


2 4kat 4kot 


4 koot 
(VI-26) 


for radius less than a 
However, for radius greater than a, the counterpart 
to this formula, or Eq. VI-22, reveals that 


= - 1 
2 Koo 4 kot 
(VI-27) 


Thus associating with this formula the unit rate of 
production that has been mandatory in Eq. VI-20, then 


Ap = P(tp,) 


27 kooh 
(VI-28) 


where 
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Pity Fi(- Bieter 
2 4k,,¢ 
with t),, the dimensionless time that applies for a 
radius greater than r = a. 


Such, the reader will recognize, is compatible with 
what is developed in Eqs. II-11 and II-12, but with the 
distinction that the unit rate of production is now sub- 
scribed by those physical parameters as exist at this 
exterior point. 


To recapitulate, by the most rigorous treatment of 
a series problem subject to unsteady-state fluid flow, 
we find that the cumulative pressure drop occurring at 
some distant point is dependent upon the physical para- 
meters existent in the formation at that point, but only 
related to the well by the rate q, incurred and its dis- 
tance r removed. 


Therefore, by deduction, if a number of sands of 
different permeabilities had intervened, the format would 
still be a series of relationships comparable to Eqs. VI-9 
and VI-10. If it so develops for time large that the last 
sand is independent of these intervening sands, we have 
the basis for subscribing all the variants that could occur 
in a reservoir expressed by a relationship identified with 
that for a uniform medium. 


Thus, if a well is subject to interference from a neigh- 
boring well, the effect of this exterior well on the sub- 
ject well would be comparable to that well having the 
same permeability and sand thickness as the subject 
well, accounting only for its distance removed and its 
rate of voidage incurred. In brief, what is evinced, is a 
uniform medium ascribing only those physical para- 
meters existent in the domain under consideration. 
Such would also apply to the change in porosity 
expressed in dimensionless time. 


The logic for the deduction of variation in sand 
thickness is its intimate association with permeability in 
the formation capacity, which reflects this variance. 
Thus, if a given flux is encountered in a formation, 
with sand thickness the only variable, then the greater 
the thickness the smaller the pressure drop; conversely, 
the thinner the sand the greater the pressure drop, 
which is the same direction per se as indicated for this 
parameter in Eq. VI-28. 


Essentially what has been deduced by this mathe- 
matical procedure, is that the physical parameters in a 
field control its water influx. This includes interfer- 
ence from other fields, since what is effected by those 
fields in the water drive reflects the identical physical 
parameters associated for the subject field. 


This interpreted in the context of Eq. VI-28 shows 
that the terms oy and oy in addition to the fluid flux, 
retain the identity of the individual fields, but what is 
so transcribed is expressed by the physical parameters 
and formation capacity existent in the subject field. 

Thus are the many ramifications of interference 
phenomena involving fluid flow, volumetric behavior 
and formation variances, described in a fairly simple 
fashion through analyses. 


NOMENCLATURE 
tp,t,s = dimensionless time of Field A, the later 
discovery 
tz = dimensionless time of Field B, the first 
discovery 


P,Pa = Operator of dimensionless time, Field A 
Ps = Operator of dimensionless time, Field B 
v = absolute time difference between fields for 
the inception of production, t 
r4 = radius Field A, L 
rs = radius Field B, L 
ran — distance between reservoirs, L 


= ratio, 
— ratio, 
na = diffusivity constant of Field A, divided by 
ly 
ne = diffusitivity constant of Field B, divided by 


ratio, na/ Ne 

Fatio, 

Ap* = cumulative pressure drop transcribed by 
Field B to the domain of Field A, m/ 
Lt 

Api = cumulative pressure drop transcribed by 

Field A to the domain of Field B, m/ 

Lt 
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DISCUSSION 


M. MORTADA 
MEMBER AIME 


In accounting for the effects of non-uniform aquifer 
properties, the paper examines the interference pressure 
drop due to a point sink located in an infinite aquifer 
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consisting of two permeability zones in series. The per- 
meability changes at radial distance, a, from the point 
sink. The interference pressure drop in the outer zone is 
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given by Eq. VI-29, which does not contain the proper- 
ties of the inner zone. Eq. VI-29 is used in the paper to 
show that the properties of the intervening aquifer have 
little importance on the interference pressure drop and 
that the criteria that control water drive are the for- 
mation characteristics existing in an oil reservoir itself. 

The difference between the system treated mathe- 
matically and the physical system of interest in dealing 
with oilfield interference lies in approximating an oil 
field by a point sink. The use of point-source approxi- 
mation is justified only for values of dimensionless time 
considerably larger than 100, especially when some 
types of aquifer non-uniformities are present. In dealing 
with oilfield performance, the value of dimensionless 
time easily can be less than 100—even for large values 
of absolute time.’ 


Replacing the point sink by an oil field of radius r,,,— 


it can be shown that the interference pressure drop in 
the outer zone is given by 


Ape 
2 2rkh to), 
P(r, = — % 
At 
a k, 
rp — 
Ve 
ks 1 
1+ 2In) — 0.57722 + 
2k, 


The derivation of this equation can not be given here 
because of space limitations. However, its validity can 
be inferred from examining the case where k, = k,. In 
this case, the equation reduces to the form given by 
Ritchie and Sakakura’ for an infinite radial system of 


uniform properties. In this equation, tp = ———— > 


r 
=-— , and the first term of the expansion is the 
r 


1. Van Everdingen, A. F. and Hurst, W.: ‘‘The Application of the 
Laplace Transformation To Flow Problems in Reservoirs’, 
Trans. AIME (1949) 186, 305. : 

2. Ritchie, R. H. and Sakakura, A. Y.: ‘Solutions of the Heat 
Equations’, Jour. of Appl. Phys. (1956) 27, No. 12, 1453. 


point-sink solution of Eq. VI-29. The second and higher-- 
order terms depend on the properties of both zones and 
become negligible only for large values of dimension- 
less time. 


The effect of neglecting the non-uniformity of the 
intervening aquifer can be shown by comparing the per- 


formance of a non-uniform aquifer in which a = 10 

and a= 4r,, with a uniform aquifer of permeability 
k,, The interference pressure drop for each aquifer was 
obtained using central difference approximations of the 
differential equations describing each and employing an 
IBM 704 for the digital computations. The results show 
that, at tp = 62.5 and rp = 4.925, the system with uni- 
form permeability k, undergoes an interference pressure 
drop which is 44 per cent higher than the non-uniform 
system. 


The importance of the second and higher-order terms 
of the expansion of Eq. 1 becomes evident upon com- 
paring their magnitude with the digital solution men- 
tioned previously for the non-uniform system in which 
k./k, = 10 and a= 4r,. At tp = 62.5 and rp = 4.925, 
the use of only the first term of the expansion yields an 
interference pressure drop which is 40 per cent high, 
while the use of the first and second terms yields a 
value which is 11 per cent high. A dimensionless time 
of 62.5 is equivalent to approximately 4.7 years of pro- 
duction for a reservoir system in which the oil field has 
a surface area of 8,000 acres and the aquifer has the 
properties: k, = 212 md, ¢@ = .22, »w = .3 cp and C = 
5X 10°/psi. For a water influx rate of 500 reservoir 
B/D/ft of formation thickness, the use of only the first 
term gives an interference pressure drop of 94 psi, which 
is 27-psi high. For oil fields of large areal extent, the 
error is large because the point-sink approximation be- 
comes less appropriate. The error may be further mag- 
nified when the rate of water influx is not constant. In 
this situation, the rate of water influx is approximated 
by a step function over relatively small increments of 
time—from three to nine months—and correspondingly 
small values of dimensionless time are involved, 


From this discussion, it is apparent that neglecting 
the variation in the properties of the intervening aquifer 
yields results which should be regarded as estimates. 
The error in the approximation depends on the degree 
of variation in-aquifer properties. 


AUTHOR'S REPLY TO M. MORTADA 


Probably many will be startled that computing devices 
actually have a secondary role in the consideration of 
interference between oil fields. I refer to the variations 
of permeability in the intervening aquifer, which by the 


treatment of the point-source solution for sands of dif-_ 


ferent permeabilities in series, I show that the pressure 
drop transcribed by a well to a distant point is inde- 
pendent of the intervening sands, and is only dependent 
upon the permeability and formation thickness existent 
at that point. 

Such is the significance of Eq. VI-29 used to illus- 
trate. If these intermediate sands had played any major 
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role, this limiting problem for field interference cer- 
tainly would have reflected the presence of these inter- 
vening sands, which is not evident. 

In this paper, every oilfield interference problem 
reduces to well interference. Therefore, if I draw an 
analogy from what is evidenced from all these solutions, 
I can only infer that in the transcribing of pressure 
drop from one field to another the greater weight is 
to be given to the physical parameters existing in the 
subject field; and, whatever variations in permeabilities 
occur in an intervening aquifer are secondary. 

To now turn to Mortada’s discussion, we find that 
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he treats the side issue of considering the validity of 
the point-source solution vs the circular-source solu- 
tion in transcribing such pressure drop, and these 
variations as so entailed. However, before proceeding, 
let me say that this solution for sands of different per- 
meabilities in series I have known prior to 1953, and it 
is mentioned in one of my papers.* 

To briefly discuss Mortada’s equation, he has a 
refinement of what is already denoted by Eq. VI-29. 
His tapid-decaying function of his second term gives 
essentially this solution. However, the reader should 
hold his equation with caution, as I have reservations 
as to his series expansion of these compounded Bessel 
functions, as such contain products of logarithms which, 
_ in turn, are also variables. 


With reference to his illustrative example, where he 
reports a 44 per cent or 40 per cent higher pressure 


*Hurst, William: ‘Establishment of the Skin Effect and Its 
AOS to Fluid Flow Into a Well Bore’, Pet. Engr. (Oct., 
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drop compared to what he has performed on a com- 
puting device, he is magnifying errors. With what I 
obtain for his problem using Eq. VI-29, this cumulative 
pressure drop is 92.5 psi as compared to 67 psi by his 
machine calculations, or a difference of only 25.5 psi. 
This is not at all adverse after 4.70 years of produc- 
tion, and it would be wished that other field data were 
equally as reliable; as time goes on, this agreement will 
even be closer. 

Finally, Mortada is concerned about the small dimen- 
sionless time factors as such would magnify the errors 
in employing a step-function for rate in the superposi- 
tion principle. In this he has failed to realize the essence 
of this paper. This is a survey traverse of the simplified 
material balance equation, for which the cumulative 
production that has transpired is already subscribed in 
oy that leads to Eq. II-7. In brief, we are working for- 
ward for continued time; all past production has been 
accounted for that renders the superposition theorem 
superfluous. ake 
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Performance Predictions for Low Productivity Reservoirs 


R. D. CARTER 
JUNIOR MEMBER AIME 


G. W. TRACY 
MEMBER AIME 


ABSTRACT 


Numerical calculations were made to determine the 
behavior of reservoirs with high-pressure drawdown and 
wide well spacing where the initial productivity is low 
and the wells are completed by hydraulic fracturing. The 
two-phase flow equations were solved for the flow into 
a single well. This well was assumed to be producing 
from a reservoir with hydraulically created horizontal 
fractures (four different systems with fractures were 
Studied). 

For comparison purposes, additional two-phase flow 
calculations were made assuming a reservoir with uni- 
form rock properties. The two-phase flow results were 
also compared with the conventional calculation meth- 
ods, which do not include the effect of saturation gra- 
dients resulting from a simultaneous flow of oil and gas 
which are normal to this type reservoir. 

It was found that the conventional methods predict 
(1) a high and too optimistic value of ultimate recovery, 
(2) a high producing rate and a high reservoir pressure 
at a given oil recovery and (3) a low trend of gas-oil ra- 
tio with oil recovery. 

Included in the two-phase flow calculations were pro- 
visions to control the oil production rate by an allowable 


rate and, also, by a gas-oil ratio penalty rule. For the — 


systems with hydraulic fractures, the producing rate was 
controlled by the gas-oil ratio penalty rule for most of 
the life. This is in contrast to the system with uniform 
rock properties which went “on decline’ almost imme- 
diately. An unexpected characteristic of the systems 
which included fractures was the early rise in producing 
gas-oil ratio from 730 cu ft/bbl to approximately 1,200 
cu ft/bbl, followed by a “leveling off’ before the nor- 
mally expected gas-oil ratio rise began. 

Additional features which are a result of hydraulic 
fracturing are (1) greater ultimate recovery, (2) higher 
average producing rates and (3) a lower average reser- 
voir pressure at a given oil recovery. 


INTRODUCTION 


Some oil fields discovered during the past few years 
are producing from certain volumetrically controlled 
reservoirs (often referred to as solution or internal gas- 


Original manuscript received in Society of Petroleum Engineers 
office July 20, 1959. Revised manuscript received March 21, 1960. 
Paper presented at 34th Annual Fall Meeting of SPH, Oct. 4-7, 
1959, in Dallas. 
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drive reservoirs) which are characterized by high-pres- 
sure drawdown at the wells. Since the available pressure 
drawdown at a well is limited by the static reservoir 
pressure and the producing rate is controlled by the 
available drawdown, wells completed in this type of 
reservoir usually produce at a_rate less than the allow- 
able from the time of completion. Because of this, this 
type of reservoir is referred to as a low productivity res- 
ervoir. Economic considerations require the use of wide 
well spacing and_well stimulation by hydraulic fractur- 
ing to make commercial wells in this type of reservoir. 

Performance predictions for volumetrically controlled 
reservoirs have been made using a combination of two 
standard equations. 

1. The “Schilthuis’ or “Muskat” type material bal- 
ance equation is used to relate the average reservoir 
pressure and the cumulative oil recovery. 

2. The results from the material balance equation 
and the productivity factor as described by Pirson’ are 
used to relate the cumulative recovery with producing 
rate and time. 

The material balance equation assumed uniform pres- 
sure and liquid saturation conditions throughout a res- 
ervoir. The steady-state radial flow formula allows for a 
pressure gradient toward a well but assumes uniform 
liquid saturation, These calculation methods are ade- 
quate for application to reservoirs wherein the draw- 
down at the well to realize satisfactory producing rates 
is small compared to the total pressure. 

In low productivity, volumetrically controlled reser- 
voirs, the pressure drawdown at the well is large com- 
pared to the total pressure. Although a precise number 
cannot be given for the magnitude of a large pressure 
drawdown, values in excess of 1,000 psi would defi- 
nitely be included. For practical considerations, this 
usually occurs when the formation flow capacity is less 
than about 100 md-ft.. However, this limit of forma- 
tion flow capacity will vary with the well producing 
rate. The low pressure in the neighborhood of the well 
which results from a high drawdown causes evolution 
of large volumes of gas. 

This causes the gas saturation to be higher near the 
well than at a greater distance—hence, a non-uniform 
gas saturation. Also, the relationship between the rel- 
ative permeability to oil (K./K) and gas saturation is 
nonlinear but decreases approximately in an exponen- 
tial way with increases in gas saturation. Because of 
this, the following chain reaction is established. 


IReferences given at end of paper. 
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1. To maintain a fixed producing rate from the well 
as a function of time, the pressure drawdowns must be 
increased. 

2. Greater pressure drawdowns require lower well 
pressures. 

3. Low well pressures permit greater gas evolution. 

4. Greater gas evolution establishes higher gas satura- 
tions near the well. 

5. Higher gas saturations reduce the effective per- 
meability to oil, and still greater pressure drawdowns 
are required. 

It is apparent that a calculation method which will 
adequately relate the producing rates and available pres- 
sure drawdown for this type of reservoir is required. 
The fundamental two-phase flow equations for oil and 
gas can be used to predict the performance in this type 
of reservoir. These equations describe, in mathematical 
terms, the needed relationship between oil producing 
rate, oil in place, available pressure drawdown, rock 
properties and fluid properties. These equations com- 
pensate for the pressure and saturation gradients which 
resuit from flow of oil and gas toward the well. There- 
fore, solutions to the equations should more adequately 
predict performance of volumetrically controlled res- 
ervoirs where large pressure drawdowns are required. 

Analytical solutions for the two-phase flow equations 
are not known. However, West, Garvin and Sheldon* 
published a numerical method for solving these equa- 
tions. Mueller, Warren and West* used this method to 
show that the K,/K, curves, which may be calculated 
{rom field data, are affected by production practices. 

in these papers, no considerations were given to the 
effect of a gas-oil ratio limit or to the effect of hydraulic 
fracturing upon the producing history of a well. It is 
the purpose of this paper to present the calculated per- 
formance for wells with hydraulically created horizon- 
tal fractures which extended outward from the well, 
producing with an allowable rate and a gas-oil ratio 
penalty. 

The method of solution used in this paper was essen- 
tially that used by West, et al.’ The calculations were 
performed by an IBM 704. Results of four calculations, 
each with different fracture conditions, are presented. 
To show the effect of such fractures upon the producing 
history of a well, the results of one calculation are given 
wherein hydraulic fractures were not included. Results 
of these two-phase flow calculations are compared with 
the predicted performance using the standard methods 
described. 


PROCEDURE 


It was assumed for the two-phase flow calculations 
that a lease can be typified by a single well and its drain- 
age area. It was also assumed that the usual square 
drainage area of a well can be approximated by a cir- 
cular one. Fig. 1 presents a diagram of the basic ge- 
ometrical system used, with the appropriate boundary 
conditions noted. 


The fundamental two-phase flow equations are 


and 
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In using these equations, radial flow is assumed and 
the effects of gravity and capillarity are considered negli- 
gible. Since strict radial flow is assumed, one effect of 
the horizontal fractures is to increase the flow capacity 
of the rock in the area penetrated by the fractures. This 
is indicated in Fig. 1. 

The results of six different problems are presented. 
Five of these problems are solutions to the two-phase 
flow equations. The sixth is a solution using the stand- 
ard methods. Certain reservoir data were common to 
all problems. They are presented in Table 1. The frac- 
ture conditions and method of solution for each of the 
six problems are presented in Table 2. A number is as- 
signed to each problem. Henceforth in this paper, the 
various conditions will be referred to by the problem 
number shown in Table 2. 

The conditions used in Problem 1 were considered to 
be typical conditions for a well with reservoir charac- 
teristics as given in Table 1 and completed with a hori- 
zontal fracture. Therefore, the results of Problem 1 are 
used as a basis for comparison with the other problems 
considered. 

In Problems 1, 2 and 3, the relative permeability 
relationships used to describe flow in the fractures alone 
were those applying to a gap between parallel plates; 
ie., the relative permeability to one phase is equal to 
the saturation of that phase in the fracture. In equation 
form, these relationships are 

and 

It is obvious from Eqs. 3 and 4 we if t K,/K and 
K./K were plotted vs gas saturation (S,), crossed lines 
would result. On Figs. 6,8 and 10, the results of Eqs. 
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TABLE 1 — DATA COMMON TO ALL PROBLEMS 


External Radius of Area 


Drained by Typical Well 1,490 ft (160 acres/well) 


Internal Radius (Well Radius) . . . . . 0.333 ft 
Flow Capacity of Formation . . . . . . 40 md-ft 
Relative Permeability 

Porosity mies 16 per cent 


Connate-water Saturation ‘ 11 per cent 
Reservoir Fluid Characteristics » . . Figs. 5 through 8 
Reservoir Temperature . . . . . . . . 126°F 
Abandonment Producing Rate . . . . . . 6 BOPD 


TABLE 2 — INDIVIDUAL PROBLEM CONDITIONS AND METHODS 


OF SOLUTION 
Fracture Flow Fracture Relative Method 
Problem Fracture Radius Capacity Permeability (-} 
No. (ft) (md-ft) Characteristics* Solution 
J 100 200 A Cc 
50 200 A Cc 
3 100 100 A Cc 
4 100 200 B Cc 
6 100 200 B D 


= relative permeability of fracture proportional to saturation, 
B = relative permeability of fracture same as for the rock, 

= solution obtained using two-phase flow equations, and 

= solution obtained using conventional material balance. 
**No fracture. 


3 and 4 are designated by the expression “crossed 
lines”. 
For comparison, in Problem 4 the fracture relative 
permeabilities were taken as being the same as those for 
- the formation. This was done to evaluate the effects of 
varying the relative permeability for the fracture alone 
upon the resulting producing history. When the frac- 
tures were considered to have parallel-plate relative per- 

_meability characteristics, the effective relative permeabil- 
ity curves used for the zone which included the fractures 
were determined from a weighted average of the forma- 
tion relative permeabilities and the fracture relative per- 
meabilities, weighted on the basis of the formation and 
fracture flow capacity of Problem 1. The resulting 
K,/K, and K,/K characteristics are shown on Figs. 2 
and 3, respectively (characteristics used in fracture zone 
in Problems 1, 2 and 3). 
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In all problems, the oil production rate was governed 
by an allowable rate and a gas-oil ratio penalty rule as 
follows. 

1. 90 BOPD maximum allowable, provided the pro- 
ducing gas-oil ratio is less than 1 Mcf/bbl. 


(90,000) 
(R) 


ratio is greater than 1 Mcf/bbl and provided the result- 
ing rate is greater than 15 BOPD. 

3. No gas-oil ratio penalty for a producing rate less 
than or equal to 15 BOPD. 

The standard depletion-drive calculations (Problem 
6) were performed using a material balance equation 
of the Schilthuis type. The calculated recovery was con- 
verted to a rate-time basis using a productivity factor 
with an initial value consistent with the conditions in 
Problem 1. Formation relative permeability characteris- 
tics were used to reduce the permeability to oil as a 
function of gas saturation. 

The fluid properties used are shown in Figs. 4 and 5. 


2. BOPD, provided the producing gas-oil 


RESULTS AND DISCUSSION 


ULTIMATE RECOVERY AND PRODUCING LIFE 

A comparison of the calculated ultimate recoveries to 
the economic limit of 6 BOPD is given in Table 3. The 
largest recovery is predicted by the conventional method 
and the smallest recovery from Problem 5 —no frac- 
ture included, A comparison of the calculated recover- 
ies for Problems 1, 2 and 3 indicates that a reduction in 
the radius of fracture by a factor of two has a greater 
effect upon the ultimate recovery than a comparable re- 
duction in the fracture flow capacity. However, a re- 
duction in either the radius of fractures or flow capacity 
of the fractures results in a decrease in ultimate recov- 
ery. 

Comparing the results for Problems 1 and 4 indicates 
less recovery may be obtained if the relative permeability 
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characteristics of the fractures are essentially those of the 
formation. An understanding of these relative recoveries 
(Problem 1 vs Problem 4) is obtained from inspection 
of the K,/K characteristics (Fig. 3). A much lower 
value of K,/K is obtained from the formation curve 
compared with the composite curve. When formation 
characteristics were used for the fracture, a lower av- 
erage producing rate was obtained — hence, less recov- 
ery to a fixed abandonment rate. 

The calculated values for producing life are shown 
in Table 3. They indicate that, for the fracture cases 
considered, varying the fracture conditions does not 
greatly alter the life. However, the life of a well is in- 
creased when the productivity is restricted because frac- 
tures are not present. The “no-fracture” case indicates 
the longest life and lowest recovery — hence, low av- 
erage producing rate. As a contrast, the conventional 
calculation method predicts the shortest life and great- 
est recovery which indicates a high average producing 
rate. 


OIL PRODUCING-RATE BEHAVIOR 


The calculated producing-rate histories for Problems 
1 through 4 are shown on Fig. 6. Although there is 
some variation, the producing-raté performance for each 
of these cases is essentially the same during the first 
11 years. As will be shown later, the gas-oil ratios for 
all these cases were above the penalty limit during this 
interval. Therefore, the producing rate was controlled 
by the gas-oil ratio penalty rule and not by produc- 
tivity. Most of these results show a plateau of 15 BOPD 
which resulted from the oil-producing rules established. 


TABLE 3 — CALCULATED ULTIMATE RECOVERY AND TOTAL LIFE 


Fracture Conditions Predicted Ult. Recovery _ Predicted 


Problem Radius Kh Fraction of Original Total Life 
No. (ft) (md-ft) Rel. K Oil in Place (years) 
1 100 200 A 0912 20.0 
2 50 200 A 0851 17.7 
3 100 100 A 0887 19.4 
4 100 200 B 0861 VA 
5 0755 23.5 
6 100** 200 B 0944 16.7 


*No fracture. 
**Conventional material balance. 
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The time at which 15 BOPD could not be maintained 
(due to restricted productivity) varied with fracture 
conditions imposed. It is obvious that the differences in 
ultimate recovery from Problems 1 through 4 (various 
fracture conditions) are reflected by the times at which 
15 BOPD could not be produced. 


Fig. 7 shows a comparison of the producing-rate be- 
haviors for a typical fracture case (Problem 1), the no- 
fracture case (Problem 5) and the conventional calcu- 
lation method (Problem 6). The results of the conven- 
tional method indicate that the maximum allowabie 
could be produced for nearly three years. Also, the pre- 
dicted rates are generally higher, throughout the life, 
than are the other results shown. This is an example of 
a situation in which use of the standard method over- 
simplifies the reservoir conditions to yield results which 
are misleading. The typical fracture case results were 
discussed earlier. However, it should be noted that the 
producing rates are definitely lower than predicted using 
the conventional method. The results for the no-fracture 
case indicate that a reservoir of these characteristics 
would never produce its maximum allowable. A steadily 
declining producing rate is indicated from a maximum 
of near 50 BOPD. 
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RESERVOIR PRESSURE AND GaSs-OIL 
RATIO BEHAVIOR 


Fig. 8 shows the calculated reservoir pressure and 
gas-oil ratio history as a function of cumulative recov- 
ery for Problems 1 through 4 (fracture systems). In 
general, the behavior of each of the systems is essen- 
tially the same. The most unusual feature is the early 
rise in gas-oil ratio from the initial solution ‘ratio to 
approximately 1.2 Mcf/bbl prior to the production of 
-approximately 0.005 of the original oil in place. Follow- 
ing this early rise, the gas-oil ratio trend flattens to such 
an extent that 0.041 of the original oil in place was 
produced when the gas-oil ratio reached 2 Mcf/bbl. 


__Since the gas-oil ratio penalty rule restricted the pro- 
ducing rate when the producing gas-oil ratio exceeded 
1 Mcf/bbl, the decline of production rate shown earlier 
for these problems (Fig. 6) was a result of the early 
rise in gas-oil ratio and not an effect of limited produc- 
tivity. At cumulative recovery values greater than 0.04 
of the original oil in place, there is some separation of 
the results. The ultimate recovery is apparently more a 
function of fracture radius than of fracture flow ca- 
pacity. 

From Fig. 9, a comparison can be made of pressure 
and gas-oil ratio vs cumulative recovery for one typical 
fracture case (Problem 1), the no-fracture case (Prob- 
lem 5) and the conventional calculation method (Prob- 
lem 6). The conventional method gives a gas-oil ratio 
trend with oil recovery which is lower than two-phase 
flow calculations. Also, the conventional method pre- 
dicts higher values for reservoir pressure than two-phase 
flow results. However, the abandonment pressures for 
the conventional method and the typical fracture case 
were nearly the same. The lower ultimate recovery for 
the fracture case results from higher-flowing gas-oil ra- 
tios — hence, less efficient use of the gas to dispel oil. 
Since the two-phase flow solutions are closer reproduc- 
tions of actual reservoir behavior, these results indicate 
that predictions by the conventional method are too op- 
timistic. 

A common method of predicting future recovery is to 
use an extrapolation of the K,/K, curve determined 
from back calculation on field pressure-production data 
and the material balance equation. If this method is ap- 
plied to the predicted performance of Problem 1 prior 
to the recovery of 0.04 of the original oil in place, the 
K,/K, relationship resulting from back-calculation 
would produce a pessimistic prediction when compared 
with the remainder of the performance in Problem 1. 
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Fic. 9 — Reservoir Pressure AND Gas-Oit Ratio vs CumuLA- 
TIVE Ort RECOVERY. 


This is another application of the material balance 
equation in low productivity reservoirs which can yield 
misleading results. 

As a part of Fig. 9, the predicted reservoir pressure 
history for the no-fracture and the typical-fracture cases 
are compared. The fracture case shows less efficient use 
of gas because lower reservoir pressures and higher in- 
stantaneous gas-oil ratios result at the same cumulative 
recovery until about 75 per cent of the ultimate recov- 
ery was produced. This is further shown by the fact that, 
at abandonment conditions, the cumulative gas-oil ratio 
for the fracture case was approximately 4.1 Mcf/bbl, 
while the no-fracture case was approximately 2.6 Mcf/ 
bbl. The lower recovery from the no-fracture case is a 
result of a higher reservoir pressure at abandonment. 

To understand why this is true, Fig. 10 is shown. 
Pressure distributions for each of the four fracture cases 
are compared with the one no-fracture case at nearly 
the same cumulative recovery (recovery was approxi- 
mately 1.3 per cent of the original oil in place). Note 
that, for the no-fracture case, the average pressure is 
higher than the fracture cases, although the well pres- 
sure is equal to or less than all the fracture cases. Thus, 
more gas is made available to dispel oil from the reser- 
voir through the use of hydraulically created fractures. 
This additional availability of gas more than compen- 
sates for the decrease in gas-oil flowing efficiency; there- 
fore, greater oil recovery results. 
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CONCLUSIONS 


For application in volumetrically controlled reservoirs 
where large pressure drawdowns are required, the fol- 
lowing conclusions are made. 

1. Two-phase flow calculations give a less optimistic 
prediction of reservoir performance than obtained from 
the conventional methods. 

2. Hydraulically created fractures can be used to in- 
crease the oil producing rate and the ultimate recovery 
to fixed abandonment conditions; also, fracturing will 
result in higher producing gas-oil ratios early in the pro- 
ducing history. 
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NOMENCLATURE* 


v 
| 


= pressure, psia 
pressure in fracture zone, psia 

P, = pressure in inter-well area, psia 
K,/K = relative permeability to oil, fraction 
K,/K = relative permeability to gas, fraction 


R, = solubility of gas in oil, scf/bbl 
F, = reservoir oil content, STB/reservoir bbl 
F, = reservoir gas content, bbl of gas at standard 
conditions/reservoir bbl 
Q = oil producing rate, B/D 
(Kh), = flow capacity in fracture zone, darcy-ft 


Qo = Q/7.073 h 
S, = liquid saturation, fraction 
u = logarithm of radius 
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ABSTRACT 


A new logging method has been developed, based on 
measurement of the nuclear magnetism of formation 
fluids. The nuclear magnetism log (NML) is the only 
log that responds solely to formation fluids. It operates 
equally well in both oil-base and water-base muds and 
in empty holes, and can be used in all kinds of forma- 
tions except strongly magnetic ones. Two separate NML 
measurements can be made, one of which provides a 
- continuous formation fluid curve. This fluid curve is 
called the free fluid log (FFL) and is believed to indi- 
cate a minimum effective porosity in most formations. 
The FFL not only delineates fluid-containing zones, but 
provides an excellent correlation curve that can be ob- 
tained under conditions where conventional correlation 
logs_are ineffective. Preliminary tests indicate that the 
second kind of NML measurement may help distinguish 
oil and water zones and provide information concerning 
permeability and wettability. (The FFL itself appears 
to provide some information on permeability.) The sec- 
ond kind of NML measurement requires stopping the 
logging tool for a short time opposite a zone of interest 
and taking more extensive NML data that can be dis- 
played as nuclear magnetic relaxation curves. In some 
instances, oil and water saturations for the region im- 
mediately adjacent to the borehole can be read from 
these relaxation curves. 


INTRODUCTION 


In 1946, Bloch, Hansen and Packard** and Purcell, 
Torrey and Pound’ independently announced the suc- 
cessful demonstration of the phenomenon of nuclear 
magnetic resonance. During the past 13 years, there 
have been many applications of nuclear magnetic reson- 
ance, including applications to the study of chemical 
structure and to the measurement of magnetic field 
strengths, Preliminary experiments on the feasibility of 
using nuclear magnetism measurements in well logging 
were made independently by California Research Corp. 
and Varian Assoc., the Varian work being sponsored by 
the Byron Jackson Tools, Inc. Since then a cooperative 
research program on nuclear magnetism logging has 
been carried out by the Byron Jackson Div. and Re- 


search Center of Borg-Warner Corp., and California 


Research Corp., subsidiary of Standard Oil Co. of Cali- 
fornia. The use of nuclear magnetism in well logging is 
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of special interest because it offers a way of making 
direct measurements on the hydrogen in the formation 
fluids and not on the rock matrix. Within the past 1% 
years, successful measurements have been made with a 
research model logging tool in wells in California, Texas, 
Utah, Louisiana and Wyoming. 


NUCLEAR MAGNETISM SIGNALS 


POLARIZATION, RELAXATION AND PRECESSION 


Many atomic nuclei possess magnetic moments and 
spins; that is, they are similar in some respects to bar- 
magnet and gyroscope combinations. Molecules and 
their nuclei are subject to thermal motion, which has a 
scrambling effect, tending to leave as many nuclear spins 
oriented in any one direction as in any other. However, 
if a magnetic field is applied, the magnetic nuclei tend 
to align in the direction of the field. The scrambling and 
aligning forces compete with each other, with the re- 
sult that a few more spins are oriented parallel to the 
field than in other directions. This gives a net magneti- 
zation, or polarization, which is directly proportional 
to the strength of the applied magnetic field (aligning 
influence) and inversely proportional to the absolute 
temperature (scrambling influence). 

When the magnetic field in, or temperature of, a 
liquid sample containing protons is changed, the new 
equilibrium value of proton polarization is not estab- 
lished immediately but requires an amount of time 
which depends on the nature of the hydrogen-containing 
materials. The process of approaching the equilibrium 
value of polarization is called relaxation.** Polariza- 
tion is a vector quantity, and the components parallel 
to and perpendicular to the magnetic field must be con- 
sidered separately. Relaxation of the component parallel 
to the field is called “thermal relaxation”, or “longitu- 
dinal relaxation”, and the corresponding time for this 
component of non-equilibrium polarization to decay by 
a factor of e (natural log base) is denoted T,. The re- 
laxation of the perpendicular component is called “trans- 
verse relaxation”, and the corresponding relaxation time 
is denoted T.. The potential energy of a magnet in a 
uniform field depends on the angle the magnet makes 
with the field; therefore, a change of the component of 
net polarization parallel to the magnetic field involves 
an exchange of energy between the spin system and the 
thermal motion of the molecules, leading to the term 
thermal relaxation for the relaxation of this component. 


Suppose we subject a sample to a strong magnetic 
field at right angles to the earth’s field for a time greater 
than T,. A polarization, thus, is established at right an- 
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gles to the earth’s field. If the strong field is suddenly 
switched off, the earth’s field exerts a torque on the po- 
larization, tending to turn it into the direction of the 
earth’s field. At the same time, the gyroscopic effect of 
the net spin, or angular momentum, associated with the 
polarization resists this direct turning, giving instead a 
precessing’ motion like that of a spinning top sitting at 
an angle on the floor and subject to a torque by gravity. 
The rate of precession of the polarization is proportional 
to the strength of the field causing it, In turn, the chang- 
ing magnetic field produced by the rotating polarization 
then generates an alternating voltage in a suitably placed 
coil of wire. We have found that it is possible in NMI. 
to establish substantial components of proton polariza- 
tion at right angles to the earth’s magnetic field, to per- 
mit this polarization to precess under the influence of 
the earth’s field™" and to receive a damped sinusoidal 
signal from the precessing polarization. 


Hydrogen is the only common nuclear species in for- 
mations to be logged that is favorable for detection in 
NML. The principal isotopes of many other common 
elements in formations to be logged (such as carbon, 
oxygen, magnesium, silicon, sulfur and calcium) do not 
have magnetic moment or spin. Potassium and iron have 
very weak magnetic moments. Sodium and aluminum 
have somewhat stronger moments, but detection effi- 
ciency is low for these elements. Furthermore, nuclei 
must be in matter in the fluid state for measurements of 
the kind used in NML. Therefore, all nuclei referred 
to subsequently in this paper are hydrogen nuclei, or 
protons, in formation fluids. 


OBTAINING DOWN-HOLE SIGNALS 


The basic NML tool and equipment is shown in block 
form in Fig. 1. Current is sent through a coii which is 
part of the sonde, producing a magnetic field in the 
borehole and formation. This field is called the “polariz- 
ing field” and serves to align protons in water, oil and 
gas. After the polarizing current has been applied long 
enough to build up adequate polarization, the current 
is rapidly removed, leaving the polarization to precess 
in the earth’s magnetic field and, in so doing, to induce 
a damped sinusoidal signal in the same coil originally 
used to induce the polarization. (It can be shown that 
the directions of polarization in the formation varies 
such that protons in the various parts of the formation 
contribute flux through the coil all in the same direc- 
tion.) The signal has a frequency of about 2 kilocycles 
per second. The signal is damped with a time constant 
that is frequently about 50 milliseconds, the decay time 
depending on various factors. During the signal-receiv- 
ing time, the coil is connected to an amplifier and the 
signal sent over the logging cable to the surface. At the 
surface the signal can be displayed in various ways, and 
in particular the signal amplitude can be recorded on 
the log as indicative of the amount of hydrogen in for- 
mation fluids in the reservoir rocks. 


The signal has several characteristics that can be 
observed and interpreted. These are signal amplitude, 
signal decay characteristics and dependence of signal 
amplitude on polarizing time. 


SIGNAL AMPLITUDES — FREE FLUID LoG 


~The induced signal amplitude, at the instant preces- 
sion begins, is directly proportional to the total num- 
ber of protons per unit rock volume in the water, oil 
and gas in the vicinity of the borehole. However, the 
transition from the removal of the polarizing field to 
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signal receiving takes a finite amount of time, and it 
is not possible to observe the signal until from 15 to 
40 milliseconds after beginning of precession, depend- 
ing on specific circuitry. The signal amplitude decay 
time depends on formation and fluid properties, vary- 
ing from too short to permit signal observation (i.e., 
less than about 10 milliseconds) to several tenths of 1 
second. To obtain a log of the total hydrogen in signal- 
giving fluid, or free fluid log (FFL), the exponentially 
decaying signal is extrapolated to the time of beginning 
of precession as compensation for varying signal decay 
rates. Thus, the “free fluid” is, by definition, the fluid 
that is “free to give NML signal”. 


SIGNAL DEcAY, MAGNETIC MINERALS AND 
SUPPRESSION OF DRILLING FLUID SIGNALS 


As noted earlier, signal amplitude decay rate is deter- 
mined by fluid characteristics, the nature of the solid 
surfaces contacted by the fluid and by ferromagnetic 
mineral content of the formation. The surface and fluid 
effects will be discussed separately in connection with 
interpretation of the free fluid log. The effect of mag- 
netic minerals is primarily a nuisance effect and inter- 
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leres with signal observation and with use of signal de- 
cay data for formation evaluation, The strongest mag- 
netic mineral is magnetite, Fe,0,. If magnetite is present 
in very small grains exposed to the fluid and is the main 
cause of signal decay, the decay time can be computed. 
If the grains are fully magnetized and T, is the time in 
seconds for the signal to decay by a factor of e, it can 
be shown that 


where M is the magnetite concentration in micrograms 
per cubic centimeter. This expression has been con- 
firmed by laboratory measurements. Thus, a magnetite 
concentration of about 65 micro-g/cc in a formation is 
enough to prevent observation of signals with present 
equipment. Fortunately, we have found that the major- 
ity of the formations logged to date do not have this 


much magnetite. Furthermore, the presence of magne- _ 


tite in a uniform formation does not lead to ambiguous 
results. It either kills the signal completely or else does 
not alter the free fluid reading. (This is a consequence 
of the fact that, in the presence of randomly distributed 
magnetite grains, the signal decay remains exponential, 
as can be shown theoretically.) 


Advantage can be taken of the magnetic field distor- 
tion produced by magnetic materials, to prevent the ob- 
servation of signals from the drilling mud, which con- 
tains much fluid very close to the signal-receiving coil. 

- Sixty-five micro-g/cc, or 25 1b/1,000 bbl, of powdered 
magnetite dispersed in the drilling mud prevents obser- 
vation of mud signals. In practice, it is usually found 
that about the right amount of steel powder worn from 
the drill pipe, collars and bits is dispersed in the mud to 
“prevent its giving an NML signal. 


There is still another influence on signal decay un- 
related to fluid and formation properties of interest. 
Magnetic objects in the hole, including strongly mag- 
netic mud and mud cake, can make large-scale inhomo- 
geneities in the earth’s magnetic field, causing preces- 
sion to occur at different frequencies throughout the 
sample of formation contributing to the signal. Thus, 
individual bits of fluid contribute to the signal in differ- 
ent phases, giving a rapidly decreasing resultant signal. 


We have observed very few muds in a large number —~ 


studied to be strongly magnetizable. Some commercial 
barite is strongly magnetic, and in one instance a great 
deal of steel powder from the drilling equipment was 
present in the mud. However, most muds have been 
found to be satisfactory. At isolated points in a well it 
is possible to encounter pieces of steel such as side-wall 
bullets, but substantially no difficulty has been experi- 
enced from these, even where side-wall bullets were 
known to have been left in the wall. 


THERMAL RELAXATION CURVES 


In addition to signal amplitude and signal decay data, 
thermal relaxation data may be taken in NML. The 
relaxation of the non-precessing component of polariza- 
tion in some instances depends on the strength of the 
applied magnetic field, usually being slower (if different 
at all) at higher field strength. In some formations, 
thermal relaxation data should be taken for different 
field strengths. To obtain relaxation data at high field 
strengths, signal amplitudes are recorded for a series of 
different polarizing times, using a maximum polarizing 
field. If the formation is sufficiently uniform and con- 
tains one fluid only, the relaxation is likely to be simply 
exponential with time; that is, the non-equilibrium 
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polarization dies out exponentially. Fig, 2 shows the — 


build-up and decay of polarization. If the delay in 
observing the signal after beginning of precession is 
small compared to the thermal relaxation times, the 
signal voltage V(T,), read at the minimum convenient 
fixed time after beginning of precession, is proportional 
to the polarization built up by the time the polarizing 
field is turned off. If the polarizing field is left on a 
very long time, the polarization approaches its equilib- — 
rium value P (oo) as shown by the dashed curve in 
Fig. 2(a). The quantity P(o) — P(T»), normalized to 
unity at t= 0, is usually plotted (to be done auto- 
matically in commercial NML) on semi-logarithmic 
paper to show the nature of the relaxation. This quan- 
tity, 

is a straight line for exponential relaxation. 


If data for relaxation at weaker fields are required, 
the method indicated in Fig. 3 is used. The maximum 
possible polarization is built up by applying a strong 
field for an adequate period of time, the polarizing 
period being identical throughout a number of signal 
observations. After the polarizing period, the field is 
reduced to a lower value, but one which is still sufficient 
to prevent the polarization from precessing, i.e., still 
stronger than the earth’s field. During this second period 
of time, T7,, the polarization decreases toward the 
value which would be in equilibrium with the lower 
field strength shown in Fig. 3. T, is varied in a series 
of signal observations to obtain a relaxation curve essen- 
tially the same as discussed for the method of Fig. 2, 
except that in this case V(0oo) is smaller than V(T,) 
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and may even be small enough to be neglected. The 
quantity, 

—P(o) — Vw) 
P(0) —P(w)  V(0) —V(o) 
is again plotted on semi-logarithmic paper; if the relaxa- 
tion is simply exponential, the plot is a straight line. 


=a(T,),~. (3) 


BACKGROUND FOR NML INTERPRETATION 


Factors AFFECTING J, AND T; 

The interpretation of NMI consists primarily of 
evaluating the influence of various factors on TJ, and T.. 
Some factors cause rapid signal decay, and some factors 
influence thermal relaxation as well. For low-viscosity 
fluids in bulk, the thermal and transverse relaxation 
times are usually the same in homogeneous fields. 
Thermal relaxation, T,, depends on both proton mobility 
and sources of localized magnetic fields. For thermal 
relaxation, there is the requirement that energy be 
exchanged between the spin system and molecular 
motion, with the result that the thermal relaxation be- 
comes very slow not only for very high molecular 
mobility but also for very low molecular mobility. In 
simple and homologous liquids, the relaxation times 
depend roughly on viscosity, being shorter for higher 
viscosities* except when the viscosity approaches large 
values. Times are also shortened by dissolved paramag- 
netic materials* and by paramagnetic and ferromagnetic 
materials on the surfaces of reservoir rocks." 

Extremely localized magnetic fields are produced in 
fluids in rock formations by the protons themselves 
and, also, by various materials on the surfaces of the 
porous rocks. If these fields are sufficiently effective, 
they will rapidly disturb relationships among the signal- 
giving protons. That is, T, and the signal decay time, T,, 
may be very short. The effect of these magnetic fields 
depends on how long the individual disturbing fields 
can act. In a low-viscosity fluid, the field of one pro- 
ton acting on another, or the field of a surface para- 
magnetic site acting on a proton, is effective only a 
very short time before the proton changes position and, 
therefore, changes fields. If these changes of position 
take place very rapidly, the effect of one instant may 
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oppose the effect of the next instant. If a proton is near 
a surface, however, there is a strong probability that, 
during the length of time precession is ordinarily ob- 
served, the proton will spend a small amount of time 
close enough to the surface to be partially bound 
momentarily so that any magnetic fields present can act 
over sufficiently long times (for instance, microseconds 
instead of micro-microseconds) to disrupt proton phase 
relationships and, hence, to disrupt logging signals. 
Thus, protons do not have to be permanently bound 
or permanently influenced physically by the surfaces in 
order that relaxation times may be reduced by inter- 
action with the surfaces. Local relaxation may be 
greatly accelerated in a region, one or more molecular 
layers thick, of reduced molecular mobility or of effect- 
ively increased viscosity.*” Furthermore, this decreased 
mobility at the surfaces may greatly affect the contri- 
bution of any paramagnetic or ferromagnetic materials 
on the surfaces to the thermal relaxation rate, as well 
as to the rate of signal decay. Under usual formation 
conditions, the fluid diffusion length \/D,T, is compar- 
able to or greater than the effective pore sizes (where D, 
is the diffusion coefficient for the protons). Therefore, 
the surface effects are observable as an addition to the 
relaxation rate of the liquid throughout the pores. 


THERMAL RELAXATION—DISTINGUISHING 
OIL AND WATER 

Since both oil and water may exist together in a for- 
mation, there is the possibility of their having different 
relaxation times because of both the surface effect on 
the wetting phase and differences in bulk fluid relax- 
ation rates, giving a relaxation curve that is not a 
straight line when plotted as described. By various 
means, it appears possible to distinguish oil and water 
in NML, but relatively few data on this aspect of NML 
are available at the present time. 


Fig. 4 shows typical relaxation curves for various 
fluids. Fig. 4(a) is the relaxation of bulk oxygen-free 
water at 98°F, giving a single long relaxation time. 
Fig. 4(b) shows a relaxation curve for a crude oil- 
water emulsion in bulk containing 30 per cent water. 
The oil and water are clearly distinguished and their 
relative percentages can be determined directly from 
Fig. 4(b) as 30 per cent for the water component and 
70 per cent for the oil component. 


Similar data have been obtained for oil and water in 
down-hole observations. Fig. 4(c) illustrates the short 
relaxation time obtained down-hole for water in a 
water-bearing silty sand in California. The large decrease 
in relaxation time from that of bulk water is due to 
the surface effects. , 

Fig. 4(d) is a relaxation curve obtained in an NML 
run in California in an oil zone. The two components 
of the relaxation curve indicate the presence of two 
fluid phases, oil and water. The water relaxation times 
in Fig. 4(c and d) are greatly reduced by interaction 
with the rock surfaces. The oil relaxation times in Fig. 
4(b and d) are probably not greatly influenced by con- 
tact with the water or the rock (if the oil even con- 
tacts the rock). The oil and water relaxation times have 
substantially their bulk-fluid values in Fig. 4(b), be- 
cause there is no solid surface to interact with either 
phase. The oil relaxation times depend on composition 
and temperature of the oil. Furthermore, if the rock 
surfaces are wet primarily by the water, the water relax- 
ation times should be reduced by interaction with the 
rock more than should the oil times. The identification 
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of the curves in Fig. 4(d) is made on the assumption 


index (FFI). The FFI can be shown to be given approx- 
that the water relaxation time is substantially shortened. 


imately by the expression, 
FFI = S,[8rx(1 — % . (4) 
S, equals amplitude, in microvolts, peak-to-peak at 
time of beginning of precession. This amplitude is cal- 
culated by extrapolating the signal to its estimated value 
at this time. Ordinarily, exponential signal decay is 
assumed. In some circumstances, such as the presence 
of heavy oil with short relaxation time, proximity of a 
magnetic object to the tool, where the sensitive part of 
the tool spans different formations or where the forma- 
tion is not homogeneous, signal decay is not exponen- 
tial. However, the best simple estimate is made by 
extrapolating the earliest reliable part of the signal as 
if it were exponential. 


It has been shown that nuclear magnetism measure- 
ments can be influenced by wettability conditions of 
fluids in porous media.’ Furthermore, because rapid 
relaxation is associated with high surface area and low 
permeability in a porous medium is also associated with 
high surface area, it is hoped that useful permeability 
information may be obtained by NML. The results of 
down-hole measurements at present suggest that NML 
data may give useful permeability and wettability in- 
formation, but more data will be required to confirm 
this. 


FREE FLUID 


x equals nuclear magnetic susceptibility of the fluid. 
It is inversely proportional to absolute temperature and 
for water is 3.4 X 10°° at room temperature. 


€ equals the angle between the earth’s magnetic field 
and the borehole axis. 


The NML responds only to formation fluids, assum-— 
ing that the drilling mud is suitably treated to prevent 
its giving a signal. However, the log does not respond 
to all formation fluid. The main interpretation problem 
for the log of signal amplitudes is to know which fluid 


it represents and which it does not. » equals proton precession angular frequencies; »/27 


equals 4.26 kilocycles/gauss of field strength, giving a 
frequency of a little over 2 kilocycles in many areas. 


L equals coil inductance, Q equals quality factor of 
coil (reactance divided by effective resistance at the 
precession frequency), and Jp equals polarizing current. 

f equals the fraction of the total magnetic field energy 
of the coil that is in the formation (and not wasted on 
the region occupied by the borehole). f is given by: 


In the first place, it has already been demonstrated 
that the fluid is not shown if there is an excessive 
magnetic minerals concentration. This is a separate 
clear-cut problem. It is planned to equip the commer- 
cial NML tools with a means of indicating formation 
magnetizability, so that one can know when fluids 
might not be observed because of magnetic minerals 
(and perhaps to help interpret signal decay rates in 
cases of lesser magnetic minerals concentrations). A 


further possibility is that the fluids may have an exces- f= dd dy ~ a, (5) 
sive concentration of dissolved paramagnetic materials. d(2d— ad) 2d 

However, this has not been a problem with any of the where d= borehole diameter, 

formation fluids examined to date. d,, = coil winding diameter, 


Water and oil have approximately the same number d, = tool diameter plus twice mud-cake thick- 
of protons per unit volume, so the free fluid log can ness, and 
be calibrated directly in porosity units. This reading, d, = the longer side of rectangular coil (parallel 


in percentage porosity units, is called the free fluid to borehole axis as in Fig. 1). 


10 
4 
1 n 6 4 
O 3 4 5 
T(sec) 2b 
05 10 15 
( b); 
1 
At \ BULK FLUID ] 
RELAXATION CURVE 
1%) \ 6 
8 \ 
= 
\ fwaTER COMPONENT 
\ WATER COMPONENT 
1 
‘ 10 15 
4 5 0 


Curves—(a) OxycGEN-FREE DIsTILLED WATER AT 98°F; (b) Crupe Om-WatTer EMuLsIon IN BULK 
Macnetism Loc ReLaxaTion Curve OpTAINED DOWN-HOLE FOR A WATER SAND 
RELAXATION CurvE OBTAINED DOWN-HOLE FOR A CALIFORNIA Sano. 


Fic. 4—-THERMAL RELAXATION 
(Laporatory MeasuREMENT); (c) NUCLEAR 
tn CALIFORNIA; AND (d) Nuciear Macnetism Loc 


203 
VOL. 219, 1960 


The theoretical expression for FFI (Eq. 4) was 
derived assuming the tool at the side of the hole. It has 
been verified experimentally by placing the tool in a 
simulated wellbore in a tank of water. 

However, even in porous formations free of excessive 
magnetic mineral concentrations, it may be that not all 
of the fluid is free to give NML signals. At one extreme, 
water and/or oil in very clean formations usually give 
signals corresponding to the actual porosity. On the 
other hand, fluid can also exist in shales; the FFL has 
always read zero in shales. There appears to be a rela- 
tionship between the fluid to which the NML responds 
and the fluid that is free to be moved through the for- 
mation under some circumstances. At present, one 
major objective of testing and research in NML is to 
determine the significance of the FFI. 

In shales there may be considerable fluid, and much 
of this fluid may well be free to move over distances 
of many molecular diameters. Nevertheless, the fluid is 
not free to move very far very fast; that is, the per- 
meability is very low. While the fluid may not be per- 
manently bound in a microscopic sense, the individual 
molecules have ready access to a large amount of sur- 
face area, where their spins can become disoriented. 
The result is that fluids in shales do not give NML 
signals. 

A large class of porous formations are dirty in the 
sense of containing some clays and other very fine- 
grained materials. It is to be expected, then, that the 
NML would not show the fluid that is closely asso- 
ciated with these clays but would show the fluid that is 
in the larger pore spaces; that is, the NML would be 
expected to show an FFI substantially less than the 
core-analysis porosity, suggesting that the FFI is a 
measure of a minimum effective porosity. Just how well 
the FFI corresponds to movable fluid (with suitable 
saturation and drive) or producible fluid is not yet 
known fully. 


FIELD RESULTS 


PERFORMANCE OF THE EXPERIMENTAL NML 


The NML data obtained so far have been taken with 
an experimental tool, which is subject to a number of 
limitations that will not be present in the commercial 
tools. The use of batteries for polarizing power limits 
the experimental tool to temperatures of about 160°F, 
but the equipment now under construction will not 
have this limitation. Automatic recording has not been 
provided to date, but this, too, is being provided in 
newer equipment. 

A basic limitation of the NML equipment is the 
electrical noise present with the logging signal. With 
the experimental equipment, this nuise corresponds to 
an FFI of about .5 per cent (.5 per cent signal-giving 
porosity) under best conditions. “Best conditions” 
means long signal duration—as from clean non-mag- 
netic sands or carbonates. Signals from the present 
experimental tool have at times shown additional noise 
from electrical transients associated with switching from 
polarizing to signal-receiving functions of the coil and 
from other causes. Improvements in newer equipment 
should eliminate these sources of interference. 

Repeated logging of the same interval on the same 
logging run has given good reproducibility. One interval 
in a California well was logged twice after first being 
drilled with water-clay drilling mud and, again, some 
30 days later after reaming to a larger diameter and 
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then changing to an oil-base mud. As shown in Fig. 5, 
all three logs were substantially the same, with most of 
the minor variations being attributed to the practice 
with the experimental tool of making measurements at 
2-ft intervals and with the probable result that exactly 
the same vertical sections were not logged each time. 


The FFL depends on hole size and position of the 
tool in the hole. So far, the tool has been allowed 
merely to drag against the side of the hole. The depend- 
ence on hole size is quite mild in this case, although 
a low reading would be obtained in the event of a 
substantial cave opposite the sensitive part of the tool. 
The signal amplitude is proportional to 


Eee 
d,(2d;— 

where d is borehole diameter, d, is the diameter of the 
borehole for which calibration is made and d, is twice 
the distance of the center of the tool from the borehole 
wall (usually tool diameter plus twice mud-cake thick- 
ness). 


The nuclear magnetism log has been run in approxi- 
mately 40 wells. About 10 of the wells gave inadequate 
data because of initial operating difficulties with the 
equipment, while in a comparable number the data were 
of limited value because of the limited occurrence of 
reservoir rocks. Twenty wells yielded meaningful data 
which indicated several potential applications of NML. 
The probable initial application would be to use the FFI 
aS a minimum effective porosity index and as a corre- 
lation log where many of the conventional correlation 
curves lack character. 


In clean sands, because of their comparatively small 
surface effects, the FFI is essentially the true formation 
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porosity. In dirty sands, because of the very high sur- 
face area-to-volume ratio of the clay particles and in 
some cases because of a higher concentration of para- 
magnetic impurities, the FFI will be appreciably smaller 
than the true porosity, as noted previously. 


FREE FLUID LoG EXAMPLES 


Fig. 6 shows the logs through a West Texas car- 
bonate section. Core description indicates the interval 
9,032 to 9,050 ft to be a fractured vuggy limestone, 
9,050 to 9,056 ft a fractured vuggy dolomite, 9,056 to 
9,081 ft a dolomitic limestone with widely spaced frac- 
tures, and 9,081 to 9,085 ft an unfractured limestone. 
The FFI and measured core porosity show reasonable 
agreement, indicative of a relatively clay-free formation. 


Figs. 7 and 8 are examples where the FFI measures 


substantially less than core-analysis porosity. The logs _ 


and plotted core-analysis porosity from a Louisiana 
well are shown in Fig. 7. This calcareous sand section is 
described for the most part as shaly or silty or as having 

~ Shale laminations. It will be noted that the FFI averages 
about one-third of the measured core porosity. 


Fig. 8 is an example of low FFI in a dirty lime. 
Through the upper part of the interval shown, the ratio 
of FFI to core-analysis porosity is again approximately 
one-third; below 7,900 ft, where core porosities range 
from 2 to 10 per cent, the FFI is virtually zero. Core 
descriptions indicate that the section above 7,900 ft is 

Slightly-to-very shaly, predominantly oolitic limestone; 
the lower section is a shaly-to-very shaly, dense crystal- 
line lime. Of particular interest is the interval 7,920 to 
7,935 ft where the core porosities mostly fall between 
5_and 10 per cent; the FFI reads zero. There was no 
‘measurable permeability in any of the cores from this 
section, which was described and is shown by the SP 
to be particularly clayey. Although this zone was not 
tested, it is extremely doubtful if any fluid would have 
been produced because all available data indicate that, 
where the FFI is zero, the permeability is also essen- 
tially zero. 


In the absence of large streaming potentials, the SP 
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is essentially a measure of argillaceousness. Since the 
FFL, also, is markedly sensitive to the presence of clay, 
it is not surprising that these curves often have a high 
degree of correlation (as illustrated in Fig. 5 and again 
over a larger section in another well in Fig. 9). There- 
fore, where the SP does not have a meaningful char- 
acter because of certain water- or oil-base drilling muds 
or because of the nature of the formation, the FFL 
often is a useful curve for correlation and for distin- 
guishing between shales and reservoir-type rocks. 


An application of the FFL has been made in a Cali- 
fornia field where oil-base mud is customarily used to 
prevent formation damage of water-sensitive sands of 
filtrate invasion. The productive sands in this field con- 
tain varying amounts of clay, predominantly present as 
shale laminas up to several inches thick. The use of oil- 


- base mud in this field, however, has necessitated exten- 


sive coring and testing because of the difficulty of for- 
mation evaluation (and even of delineating the produc- 
tive zones) with the logs ordinarily available for use in 
oil-base mud. Fig. 10 is a typical example from this 
field where a difficult interpretation with the conven- 
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RESISTIMITEY 5 


tional oil-base mud logs is made relatively straight- 
forward by the addition of the FFL. 

Zones B and C are the productive interval in this 
well, with Zone B having a higher concentration of 
shale laminas as reflected by the FFL and induction 
log. The zero FFI of Zone A is typical of shales. Inter- 
val D, of low FFI and resistivity, yielded only a small 
amount of salt water and gas on test. 
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Fig. 11 is another example of the use of the FFL 
in oil-base muds. In this case, the conventional curves 
are of even less value in interpretation than in the pre- 
ceding example. The FFL provides an even more 
striking contribution to formation evaluation of the well. 
Zone A is a siliceous shale. Zones B and C are an inter- 
val of inter-bedded sands and shales, the percentage of 
sand increasing with depth. Knowledge of R,, and the 
moderate resistivities of Zone B are indicative of hydro- 
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carbon production, and the decreasing resistivity of 
Zone C indicates a transition zone. Region A yielded 
very little fluid on formation test. Region B yielded 
700 BOPD and no water. A test of Region C plus the 


bottom 15 ft of B yielded oil with a 50 per cent water 
cut. 


CONCLUSIONS 


The NML can be used in all known formations, 
«xcept those strongly magnetic, and operates equally 
well in water and ojl-base muds and in empty holes. 
1t promises to extend the range of application of the 
aigh pH, low-resistivity muds recently introduced to 
vvercome extreme drilling problems and formation 
damage. 


‘The free fiuid index delineates fluid-containing zones _ 


and generally may be used as a minimum effective poro- 

sity index. The FFL is an excellent correlation curve 
_which can be obtained under many of the conditions 
_ where conventional correlation logs are ineffective. 


The limited field data examined to date indicate that 
it may be possible with the nuclear magnetism log to 
obtain a permeability index, distinguish between oil and 
water zones, and provide oil and water saturations in 
the immediate vicinity of the borehole. 
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Waterflood Performance in a Stratified, Five-Spot 
Reservoir — A Scaled-Model Study 


D. H, GAUCHER 
D. C. LINDLEY 
JUNIOR MEMBERS AIME 


INTRODUCTION 


The displacement of oil by water in a waterflood 
project is accomplished by the action of transient vis- 
cous, gravitational and capillary forces which drive fluid 
through interconnecting pore spaces toward production 
wells. The relative importance of each of these forces 
to the effectiveness of the displacement and the produc- 
tion history depends on properties of the reservoir itself 
and the manner in which it is operated. There has been 
considerable discussion** concerning the importance of 
these factors and the extent to which they control the 
performance of individual waterflood projects. No data 
have been presented, however, to demonstrate the ef- 
fect on waterflood behavior of variations in rock per- 
meability, water-injection rates and mobility ratios in 
three-dimensional reservoir systems in which viscous, 
gravitational and capillary forces are allowed to assume 
the proper relative influence on fluid flow. 


Much information relevant to water flooding has been 
gained from the study of field case histories. But, the 
complexity of the systems involved, the difficulty of de- 
fining geometry and obtaining sufficient data, and the 
fact that the same reservoir is never flooded twice with 
the same initial conditions, all obscure the role of pro- 
cess variables such as rate. Further, mathematical cal- 
culations of waterflood behavior are restricted at this 
time by available mathematical techniques to highly 
simplified situations. Scaled models, however, do offer 
an approach at the present time to evaluation of the 
effects of the pertinent variables. 

Several investigators have predicted prototype reser- 
voir behavior from observations of model waterflood 
performance under a variety of conditions. Two-dimen- 
sional aspects of waterflood pattern efficiency have been 
investigated by Muskat,’ Aronofsky,’ Dyes, et al,* Craig, 
et al,* and Rapoport, et al.’ The effects of gravity segre- 
gation, viscous fingering and permeability stratification 
have also been studied in two-dimensional models.*” 
Craig, et al,” studied the importance of gravitational 
forces on frontal displacement in three-dimensional 
models with wells on a five-spot pattern, This work in- 


Original manuscript received in Society of Petroleum Engineers 
office Oct. 4, 1959. Revised manuscript received May 16, 1960. Paper 
pucteneed at 34th Annual Fall Meeting of SPE, Oct. 4-7, 1959, in 
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1References given at end of paper. 
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vestigates the tendency for water to segregate in homo- 
geneous reservoirs because of gravity and to under-run 
the oil for a range of water-injection rates. The effects 
of permeability stratifications were investigated by these 
authors using miscible fluids to simulate water-channel- 
ing through permeable strata in systems of negligible 
capillary force. 

In this investigation, a three-dimensional model of 
a five-spot pattern flood was designed to represent typi- 
cal prototype conditions, and the sand and liquid prop- 
erties were selected so that capillary, gravitational and 
viscous pressure gradients were scaled. It was not, how- 
ever, possible to achieve exact similitude regarding vis- 
cous fingering when the more viscous oil was used. 
The effects of rock stratification on waterflood behavior 
were studied by changing both the permeability ratio 
and the position of the more permeable sand stratum 
in a two-layered, horizontal model. For each type of 
stratification, constant-rate floods were performed and 
the rates were varied, in separate experiments, over a 
tenfold range. To observe the effect of mobility ratio 
on flood performance, two series of constant-injection- 
rate floods were performed on the most highly strati- 
fied reservoir at a water-oil viscosity ratio of one. 


MODEL SELECTION 


To represent reservoir prototype performance with a 
laboratory model, it is necessary that the physical prop- 
erties of the model be selected according to rigorous 
scaling criteria. The basic principles of scaling have been 
adequately described in the literature.”~* 


SCALING CRITERIA 

Briefly, the scaling criteria used in this study are as 
follow. 

The model was a one-eighth symmetric segment of 
a five-spot and had initial and boundary conditions simi- 
lar to field prototypes. The presence of free gas at flood 
initiation was not simulated, however. 

Model dimensions and the liquid and sand character- 
istics were selected such that the following dimension- 
less groups of reservoir properties had the same nu- 
merical values for the model as for field prototypes. 
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Application of the Darcy law equation to two-phase 
flow involves the assumption that the imbibition and 
and drainage relative-permeability curves to water and 
oil as functions of liquid saturation are the same in 
Prototype rock as in model sands. Likewise, use of the 
generalized capillary-pressure equation of Leverett” re- 
quires that the dimensionless capillary-pressure function 
of saturation J(S), both in imbibition and drainage, be 
the same in the prototype as in the model, These func- 
tions of the model sands can be made to better ap- 
proximate those of field cores by use of the normalizing 
technique proposed by Perkins and Collins.“ This pro- 
cedure results in relative permeabilities and reduced 
saturations which vary between zero and unity for both 
field cores and model sands and requires that an addi- 
tional dimensionless scaling group be set equal in the 
model and prototype, 


_— In systems having mobility ratios greater than one, 


viscous fingering can sometimes occur at the flood 
front, and an additional scaling criterion must be met. 


According to Chuoke, et al,“ the ratio — must have 


the same value in model and prototype when the ra- 
tio is of the order of one. The ratio 


Be 
(= 


where d is the greatest lateral dimension of model or 
prototype and Am is the peak-to-peak distance between 
‘fingers. 


The value of the constant C was experimentally de- 
termined to be 238 for the model sands using a liquid 
system having an oil-water viscosity ratio of 4.3. 


Using this value of C, a maximum value of Am/d 
was estimated for the five-spot prototypes. This maxi- 
mum value of Am/d was estimated from Eq. 1 by using 
a characteristic distance d, equal to one-half the dis- 
tance between wells, and by using the lowest field-in- 


jection rate and the permeability of the most permeable _ 


reservoir. The Am/d was 0.10. Since fingering can be 
expected when Am/d is less than one, this implies that 
the displacements would be unstable, and viscous finger- 
ing would occur in the reservoirs for all rates studied. 
In the five-spot models used in this study, Am/d based 
on one-half the distance between wells, ranged from 
0.28 to 2.34. This suggests that fingering might occur 
in the model but not to the same degree as in the 
prototype. The effects of this lack of similitude will be 
explored in the interpretation of results. 


Additional experiments performed with fluids hav- 
ing oil-water viscosity ratio of one showed no unstable 


displacement for a range of supefficial flood-front ve- — 


locities from 0.0001 to 0.026 cm/sec. Since these val- 
ues encompass the conditions of model operation, no 
viscous fingering would be expected in the model, and 
it is not necessary to consider the scaling criterion for 
viscous fingering. 


EXPERIMENTAL PROCEDURES 


The model used in this investigation was in the form 
of an isoceles right triangle, 4 ft on the hypotenuse, 
with wells located at the apexes of the acute angles. 
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The sand body was contained in a triangular box - © 
which had top and sides fabricated of Lucite to permit 
visual observation of the flood fronts, and the base was 
a steel plate. A flexible polyethylene sheet placed on top 
of the baseplate and below the sand body served both 
as a sealing gasket and inflatable bladder to ensure con- 
stant compression of the sand pack. 


The fluids selected for use in the model in conform- 
ance to the scaling criteria were a 72 weight per cent 
zinc-chloride solution for the water phase and two 
viscous, refined mineral oils. The sands were clean 
Wausau quartz which had been observed to have con- 
stant wetting behavior in contact with zinc-chloride so- 
lution and the refined mineral oils. : 


The purpose of this project was to observe the ef- 
fect on waterflood behavior of variations in water-in- 
jection rates and to determine the effects which reser- 
voir stratification would have on that behavior for oils 
of twa different viscosities. Six models were studied — 
five stratified and one homogeneous. The stratified 
models contained two laterally continuous, uniformly 
thick layers in intimate contact. For two of these, one 
with 36.6-cp oil and one with 165-cp oil, the permeabil- 
ity of the top layer was eight times that of the bottom 
layer. These models were later inverted to represent a 
prototype having a permeability ratio of 0.125 to 1. The 
other stratified model had a ratio of permeabilities of 
2.4 to 1 and contained 165-cp oil. The last model was 
packed with a single uniform sand, Table 1 lists the 
fluid and rock characteristics for the six model and 
prototype reservoirs investigated. 


To assure that there were no progressive changes in 
waterflood behavior because of changes in sand prop- 


erties (such as wetting characteristics), the first flood 


performed on a sand pack was repeated just before dis- 
mantling the model for repacking. The oil recoveries 
obtained at corresponding volumes of water injected 
for the initial and final floods differed by less than 0.5 
per cent pore volume throughout the flood histories, 
except at one point in the check run of Reservoir 5 
(Table 2). This agreement demonstrates that no sig- 
nificant changes occurred. Samples of oil and water 
were taken throughout the flood operations, and the 
density, viscosity and interfacial tension were measured 
to test the constancy of liquid properties. 


THE EFFECT OF INJECTION RATE 
ON FLOODING BEHAVIOR 


A summary of the results of the constant-injection- 
rate water floods performed on each of the model res- 
ervoirs is given in Table 2. The oil recovery at a given 
volume of water injected decreased as the rate in- 
creased for the five stratified reservoirs. 


MorE PERMEABLE SAND ON TOP 


Typical of the data are the results shown in Fig. 1 
for the prototype represented by Reservoir 2. The per- 
meability of the upper stratum in the prototype of Res- 
ervoir 2 was 116 md — 7.97 times the permeability of 
the lower stratum. Prototype oil viscosity was 2.17 cp. 
Plotted in Fig. 1 are the oil recoveries vs the injection 
rates for cumulative values of water injected, The con- 
stant-injection-rate floods of 44 and 390 B/D are com- 
pared in Fig. 2. The lower-rate flood had recovered 
about 8 per cent more of the recoverable oil than the 
high rate when 0.5 pore volume water had been in- 
jected. At 3.0 pore volumes water injected, the lower- 
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rate flood had about 4 per cent more of the recover- 
able oil. Fig. 2 also includes comparable data for the 
lower-viscosity oil. 

The observed rate effect is explained by considering 
the shape and location of the flood fronts and the in- 
teraction between the viscous, gravitational and capil- 
lary pressure gradients at these fronts. The observed 
flood fronts along a vertical section of Reservoir 2 be- 
tween the injection and producing wells for the higher- 
rate flood — 390 B/D —and the lower-rate flood — 
44 B/D —are shown in Fig. 3. The length-to-height 
ratio in this schematic diagram is greatly exaggerated, 
the true scale being shown in the insert. In Fig. 3(A), 
the vertical flood fronts are typical of those found in 
the region near the injection well. In this region, high 
viscous pressure gradients controlled the shape of the 
front for both the higher and lower rates. Because of 
the permeability difference of the sands, water floods 
preferentially through the more permeable top layer. 


As the floods progressed away from the wellbore, 
the velocity at the front declined. The viscous pressure 
gradients decreased and gravitational forces began to 
influence materially the shape of the flood fronts. The 
region in which viscous pressure dominated the flow 
behavior was larger for the higher rate. However, water 
flowing under the influence of gravity to the bottom of 
each sand layer caused a tilted front near the injec- 
tion well for both rates, as is shown in Fig. 3(B). In 
the subsequent progress of the floods, water-rich re- 
gions developed along the bottom of each sand layer 
— typical of conditions where gravity segregation con- 
trols. The water-rich sections formed at the bottom of 
each stratum tended to propagate themselves because 
of the unfavorable mobility ratio. Because the more 
permeable stratum was on top in this reservoir, the 
dominant displacement developed as a thin layer along 
the midplane of the reservoir. 
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The water-rich region overlying the less permeable 
sand gave rise to a gravitational force tending to drive 
water vertically downward into the lower sand. Also, 
capillary pressure gradients tended to cause water to 
flow from regions of high water saturation to regions 
of low water saturation. Both gravitational and capil- 
lary forces caused water to flow downward into the 
less permeable sand, whereas gravitational forces im- 
peded the tendency for water to flow upward by capil- 
larity. These mechanisms were more effective in the 
lower-rate floods since they acted over a greater period 


of time (for any given volume of water injected). As 


can be seen in Fig. 3(C), a greater fraction of the 


tight sand had been contacted by water in the lower- 
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rate flood than at the higher rate when 1.0 pore vol- 
ume of water had been injected. 


The observed rate effect could have been caused in 
part by a tendency for viscous fingering in the hori- 
zontal plane to become more severe as injection rate 
increased, Along the visible vertical sections of the 
sand pack, the only channeling observed was that 
caused by gravity segregation at the bottom of the 
more permeable sand. Because most of the flood-front 
advance occurred along the midplane of the model, it 
was not possible to observe any channeling through the 
horizontal plane. 


In the fluid system having an oil-water viscosity ra- 
tio of one, fingering did not occur and the observed 
rate effect can be attributed solely to better water 


utilization at lower rates as the result of enhanced gra- _ 


vitational and capillary influence. The model of Res- 
ervoir 6 (Table 1) was packed with the same sands 
as the model of Reservoir 2, and water floods were per- 
~ formed at the same high and low rates. The oil-water 
viscosity ratio in this case was one. Results of these 
floods are tabulated in Table 2 and plotted in Fig. 2 
where it can be seen that recovery decreased with in- 
creasing rate, as had been observed with the more vis- 
cous oil. In this case, however, the high efficiency of 
the floods resulted in early production of nearly all 
the recoverable oil. The fronts observed in these mod- 
_els, as in Reservoir 2 with the more viscous oil, moved 
preferentially in the more permeable, upper sand stra- 
tum. However, because of the higher oil mobility in 
these floods, there was less tendency for the water- 
rich regions created by gravity segregation at the bot- 
tom of the more permeable stratum to be propagated. 
In both the higher- and lower-rate floods in Reservoir 
6, the lower and less permeable sand stratum was more 
effectively contacted throughout the flood histories, re- 
sulting in greater production efficiencies (for like in- 
jection rates) in Reservoir 6 than in Reservoir 2. 


MorE PERMEABLE SAND ON BOTTOM 


When the more permeable sand was on the bottom 
as in the models representing Reservoir Prototypes 1 
and 5 (Table 1), the recoveries also decreased with 
increasing injection rate. Results of constant-injection- 
rate floods for Model Reservoir 1 (with the more vis- 
cous oil) and Model Reservoir 5 (with the less vis- 
cous oil) are reported in Table 2. Fig. 4 is a plot of 
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the per cent of recoverable oil produced vs cumulated 
water injected for the high- and low-rate runs in Reser- 
voirs 1 and 5. 


Fig. 5 illustrates the shape of flood fronts observed 
at 0.1, 0.4 and 1.0 pore volume water injected for both 
the high-rate (400 B/D) and low-rate (40 B/D)’ floods 
of Reservoir 1. Since the more permeable stratum was 
on the bottom, gravity segregation caused the domi- 
nant displacement to occur along the bottom of the 
reservoir instead of at the midplane, as can be seen 
in Fig. 5(A and B). Capillary action, opposed by grav- 
ity, caused water to flow from the thin water-rich layer 
at the bottom of the reservoir upward through the more 
permeable sand and into the tight sand. The result was 
a diffuse, horizontal flood front invading the upper 
stratum, as shown in progress in Fig. 5(C). Again at 
the slower rate, capillary pressure gradients acting over 
a greater period of time resulted in increased imbibition 
upward into the oil-rich sand or, possibly, laterally to 
reduce fingering, giving increased recovery efficiency. 


Because of the greater oil mobility in Reservoir 5, 
water imbibition into oil-rich sand was more rapid, 
channeling such as that observed for unfavorable mo- 
bility ratios was eliminated and sweep efficiency was 
improved. Therefore, for the same injection rate, Res- 


TABLE 1 — MODEL-PROTOTYPE PROPERTIES 


Reservoir 1 Reservoir 2 Reservoir 3 Reservoir 4 Reservoir 5 Reservoir 6 
Units (20-Acre 5-Spot) (20-Acre 5-Spot) (20-Acre 5-Spot) (20-Acre 5-Spot) (20-Acre 5-Spot) (20-Acre 5-Spot) 
Areal Pattern Model Prototype Model Prototype Model Prototype Model Prototype Model Prototype Model Prototype Model Prototype 
Top-Layer 

Thickness, ha inches feet 0.70 10 0.70 10 0.70 10 0.70 10 0.70 10 0.70 10 
Bottom-Layer 

Thickness, ho inches feet 0.70 10 0.70 10 0.70 10 0.70 10 0.70 10 0.70 10 
Top-Layer, Absolute 

Permeability, ka darcies md 35 15 279 116 85 36 40 16 35 15 275 116 
Bottom-Layer, Absolute 

Permeability, ko darcies md 279 116 35 15 36 15 40 16 275 116 35 15 
ko, wr,a darcies md 26 11 222 91 67 29 32 13 26 11 0 94 
ko,wr,b darcies md 222 92 26 1 28 12 32 13 220 94 26 11 
kw,or,a darcies md 19 8 174 71 51 22 22 9 19 8 170 72 
kw,or,b darcies md 174 72 19 8 19 8 22 9 170 72 19 8 
% % 46 20 «47 20245 20 202 (Ad 20 «44 20 
Bottom-Layer 

i g gy 47 20 46 20 47 21 48 20 44 20 4 
1 Swr,a 0.75 0.50 0.75 0.50 0.75 0.50 0.75 0.50 0.75 0.50 0.75 0.50 
1 — Sor,d — Swr,d %, % 0.75 0.50 0.75 0.50 0.75 0.50 0.75 0.50 0.75 0.50 075 0.50 
Viscosity, cp «165 2.17 165 2.17 165 : 

Ge) 38 0.50 38 0.50 38 0.50 38 0.50 36.4 0.50 36.4 0.50 
gm/cc gm/cc 1.06 0.20 1.06 0.20 1.06 0.20 1.06 0:20 186 9.20 
Interfacial Tension, o dynes/cmdynes/cm 25 25 25 25 25 25 25 

Sais cc/sec B/D 053-.533 40-400 .059-.518 44-390 .057-.524 45-406 .059-.308 42-230 .059-.533 44-396 .059-.529 44-3893 
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ervoir 5 (0.50-cp prototype oil) produced about 20 
per cent more of the recoverable oil than did Reser- 
voir 1 (2.17-cp prototype oil). 


HOMOGENEOUS SAND 


The results obtained during flooding of the homoge- 
neous sand (Reservoir 4) which contained the high- 
viscosity oil also are shown in Table 2. Essentially, the 
same recovery efficiency was obtained in flooding at a 
prototype rate of 230 B/D as at 42 B/D. Gravity seg- 
regation was active in both floods, but there was no 
discernible difference in the progress of flood fronts 
between the high-rate and low-rate flood. 


EFFECT OF STRATIFICATION ON 
FLOOD BEHAVIOR 


Two methods were employed in analyzing the re- 
sults of this investigation to determine the effect of 
stratification on flood behavior. The first method was 
to determine the effect of the position of the more 
permeable stratum on oil recovery. The second method 
was to study the effect of changing the degree of strati- 
fication, i.e., changing the ratio of the permeabilities 
of the two strata. 


POSITION OF THE MoRE PERMEABLE STRATUM 


The effects upon recovery of the position of the 
more permeable stratum can be ascertained by com- 
paring the data obtained for Reservoirs 1 and 2 which 
contained the higher viscosity oil. Reservoir 1 had the 
coarser, more permeable sand on the bottom. The model 
representing Reservoir 1 was inverted to obtain that 
representing Reservoir 2 which, thus, had the more 
permeable sand on top. For an injection rate of 44 
B/D in Reservoir 2, considerably more ojl was pro- 
duced for the same amount of water injected than was 
obtained from Reservoir 1, as is shown in Table 2. 
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TABLE 2— OIL PRODUCTION DATA 


Reservoir 1 
= 4.343 Ka/K> = 0.129) 


Order Water- 


of Injection Water Recovered 
Perfor- Rate Injected, % Recov. 

mance (B/D) Vp Vp Oil 
1 40 0.50 0.323 46.1 
1.00 0.449 64.1 
2.00 0.526 75.1 
3.00 0.551 78.7 
4 74 0.50 0.316 45.1 
1.00 0.435 62.1 
2.00 0.521 74.4 
3.00 0.547 78.1 
3 232 0.50 0.307 43.9 
1.00 0.422 60.3 
2.00 0.508 72.6 
3.00 0.539 77.0 
2 409 0.50 0.299 42.7 
1.00 0.414 59.1 
2.00 0.496 70.8 
3.00 0.531 75.8 
5 41 0.50 0.322 46.0 
(check) 1.00 0.448 64.0 
2.00 0.529 75.6 
3.00 0.553 79.0 


Reservoir 2 
= 4.34; Ka/Kod = 7.97) 
44 0.50 .418 


1 0 
1.00 0.526 75.1 

2.00 0.592 84.6 

3.00 0.614 87.7 

3 71 0.50 0.411 58.7 
1.00 0.521 74.4 

2.00 0.586 83.7 

3.00 0.606 86.6 

2 239 0.50 0.381 54.4 
1.00 0.505 72.1 

2.00 0.576 82.3 

3.00 0.596 85.1 

4 390 0.50 0.359 51.3 
1.00 0.487 69.6 

2.00 0.557 79.6 

3.00 0.585 83.6 

5 AZ 0.50 0.419 59.9 
(chec!s) 1.06 0.524 749 

2.00 0.591 84.4 

3.00 0.612 87.4 


Reservoir 3 
= 4.34; Ka/Kb = 2.36) 
45 0.50 0.450 


4 45 64.3 
1.00 0.572 81.7 
2.00 0.645 92.1 
3.00 0.659 94.1 
1 235 9.50 0.431 61.6 
1.00 0.563 80.4 
2.00 0.632 90.3 
3.00 0.646 92.3 
3 405 0.50 0.425 60.7 
1.00 0.555 79.3 
2.00 0.623 89.0 
3.00 0.638 91.1 
4 233 0.50 0.430 61.4 
(check) 1.00 0.566 80.9 
2.00 0.634 90.6 
3.00 0.650 92.9 
Reservoir 4 

= 4.34; Ka/Kd = 1.00) 
42 0.50 0.420 60.0 
1.00 0.539 77.0 
2.00 0.612 87.4 
3.00 0.633 90.4 
1 230 0.50 0.419 59.9 
1.00 0.531 75.9 
2.00 0.611 87.3 
3.00 0.630 90.0 

Reservoir 5 

= 1.00; Ke/K> = 0.127) 
44 0.50 0.490 70.0 
1.00 0.645 92.1 
2.00 0.685 97.9 
3.00 0.692 98.8 
2 73 0.50 0.490 70.0 
1.00 0.637 91.0 
2.00 0.680 97.1 
3.00 0.692 98.8 
3 396 0.50 0.457 65.3 
1.00 0.566 80.8 
2.00 0.628 89.7 
3.00 0.649 92.7 
6 396 0.50 0.435 62.1 
(check) 1.00 0.561 80.1 
2.00 0.628 89.7 
3.00 0.648 92.6 

Reservoir 6* 

= 1.00; Ka/Kp = 7.86) 
Z 44 0.50 429 61.3 
1.00 -668 95.4 
2.00 -700 100.0 
3.00 -702 100.3 
1 393 0.50 427 61.0 
1.00 87.1 
2.00 -661 94.4 
3.00 96.4 


*Runs 1 and 2 of Reservoir 6 were performed between Runs 3 and 
6 (check) of Reservoir 5, 
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At 0.5 pore volume of water injected, the difference 
in prototype oil recovery was 60,000 bbl, or approxi- 
mately 9.5 per cent pore volume. At 3.0 pore volumes 
injected, the difference was 39,000 bbl, or approxi- 
mately 6 per cent pore volume. 


The position of the permeable sand had a greater 
effect on recovery than did changes in rate for the 
above sands and oil. The oil recovery obtained for the 
least efficient flood when the permeable sand was on 
top was higher than the best recovery obtained when 
the more permeable sand was on the bottom. The 
greater recovery obtained when the tight sand was 
on the bottom resulted from flow of water into tight 
sand by capillary and gravitational forces. When the 
tight sand was on top, gravity opposed the capillary 
imbibition into the tight sand, as discussed in the pre- 
vious section. 


Reservoirs 5 and 6 represent the same systems as 
Reservoirs 1 and 2, with the exception that an oil of 
-lower viscosity, resulting in a water-oil viscosity ratio 
of one, was used in Reservoirs 5 and 6. Generally, the 
location of the more permeable sand had the same ef- 
fect in these reservoirs as in the reservoirs containing 
more viscous oil. 


As shown in Table 2, the high-rate flood in Reser- 
voir 6 with the more permeable sand on top recovered 
about 3 per cent pore volume more oil throughout its 
‘history than did the high-rate flood in Reservoir 5. 


In the low-rate floods of these reservoirs, both with 
the more permeable stratum on the bottom (Reservoir 
5) and on top (Reservoir 6), the rapid approach to 
100 per cent recovery of the recoverable oil shows very 
little stratification effect. As shown in Table 2, the oil 
recovery was about 1 per cent pore volume greater 
throughout the low-rate flood of Reservoir 6 than in 
the low-rate flood of Reservoir 5. 


DEGREE OF STRATIFICATION 


The effects upon oil recovery of the degree of strati- 
fication were investigated by changing the permeabil- 
ity of the top sand layer. In all cases, the bottom-layer 
permeability was 35 to 40 darcies in the model or 
15 to 16 md in the prototype. In the models repre- 
senting Reservoirs 2, 3 and 4, the ratios of top-layer 
to bottom-layer permeabilities were 8.0, 2.4 and 1.0, 
respectively. The more viscous (165-cp) oil used in 
these models represented a prototype viscosity of 2.17 
cp. The oil recoveries for constant-injection-rate floods 
of 42 to 44 B/D are plotted in Fig. 6 vs the above 
permeability ratios at various values of cumulative 
water injection. Greater recoveries were obtained for 
the 2.4:1 permeability ratio for a given amount of 
water injected than for either the 8:1 or 1:1 permeabil- 
ity ratios. = 


The higher recoveries obtained for the 2.4:1 per- 
meability ratio may be explained by reference to Fig. 
7. The sketches in Fig. 7 are for the appearance of the 
water front in each of the reservoirs at various stages 
in the floods. These sketches are reproduced from ob- 
servations of the positions of the flood front recorded 
during the experiments. In the homogeneous sand (1:1 
permeability ratio), a vertical front formed near the 
injection well and subsequently developed, by gravity 
segregation, into a long, thin layer at the bottom of 
the reservoir. It is believed that oil was produced by 
a combination of capillary imbibition of the water into 
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the oil-bearing sand and displacement of oil by the 
viscous pressure gradients. 

This behavior may be contrasted with that observed 
for Reservoir 3 with the permeability ratio of 2.4:1. 
As shown in Fig. 7, the water invaded the lower sand 
because of gravitational forces and capillary imbibi- 
tion as it advanced along the midplane at the bottom 
of the more permeable sand, Also, since the permeabil- 
ity ratio was only 2.4:1, considerable water entered 
the tight sand because of viscous pressure gradients. 
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The flood front in the lower sand advanced at about 
the same rate as that at midplane in the more permeable 
layer for this rate of 45 B/D. In this case, this resulted 
in more complete flushing of the tight sand than of 
the permeable sand. Since the tight sand contained 
about one-half of the original oil in place, the recov- 
eries obtained were better than those for a homogeneous 
sand. 


When the reservoir had a permeability ratio of 8.0, a 
large fraction of the water channeled through the more 
permeable sand along the boundary between the two 
layers, as shown in Fig. 7. In this case, the water 
drained by capillary and gravity action at the same rate 
as in the reservoir with the 2.4 permeability ratio be- 
cause the permeability of the lower sand was the same. 
Since, however, the resistance to flow in the lower sand 
was 8.0 times greater than in the upper sand, viscous 
pressure gradients favored channeling of water through 
the more permeable layer. In this case, channeling along 
the sand boundary occurred so rapidly that incomplete 
flushing of the lower sand was obtained at time of 
water breakthrough. Thus, recoveries were less for 
a given volume of water injection than was obtained 
for the reservoir with the 2.4 permeability ratio. 


DISCUSSION OF RESULTS 


The purpose of this investigation was to observe the 
effects of rate and stratification on recovery for proto- 
types with two different-viscosity oils. Although this ex- 
perimental study encompasses a narrow range of proto- 
type conditions, the experiments were designed to in- 
clude a three-dimensional five-spot flood in which capil- 
lary, gravitational and viscous pressure gradients were 
scaled. Even with these forces scaled, however, there 
is the possibility that the effect of rate on recovery, 
observed in the stratified models with the more viscous 
oil, could also be caused by frontal instability. 


Chuoke, et al,“ and de Haan” in their investiga- 
tions of viscous fingering have pointed out that, in mod- 
els with mobility ratios greater than unity, the advancing 
flood front may develop viscous fingers. This phenome- 
non was seen to result in decreasing oil recovery for 
increasing rates if less than one to six fingers formed. 
It was stated by these authors that, where more than 
five or six fingers formed, there were no further re- 
ductions in recovery efficiency attributable to increased 
numbers of fingers at increased rates. For the present 
investigation, the value of C = 238 (Eq. 1) was ex- 
perimentally determined for the model system, Assum- 
ing the same value of C for the prototypes, 10 or more 
fingers could exist in the horizontal plane. Hence, no 
rate effects caused by viscous fingers would be ex- 
pected in the prototype reservoirs. For the models, a 
maximum of three or four fingers would be predicted 
to form along the greatest lateral dimension of the flood 
front. It is possible, then, that imperfectly scaled vis- 
cous fingering occurred in some portions of the model 
floods with the more viscous oil. However, it is be- 
lieved that the lack of similitude in scaling the insta- 
bility phenomenon did not materially affect flood per- 
formance. Observations of the flood-front profiles along 
the transparent sides of the model showed, in every 
case, a greater fraction of the vertical sections swept 
at the lower rates. The viscous, gravitational and capil- 
lary-pressure gradients were scaled. Thus, the increased 
vertical sweep efficiency observed jn the stratified mod- 
els at the lower rates may be attributed to increased 
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time for flow of water by capillary imbibition and/or 
gravity drainage. These scaled effects of rate and strati- 
fication on recovery would be expected in the reservoir 
prototypes, Further, it was experimentally determined 
that the flood fronts were stable in the stratified models 
(Reservoirs 5 and 6) having a water-oil viscosity ra- 
tio of one. The rate and stratification effects observed 
in these models were qualitatively the same as in mod- 
els with higher-viscosity oil. Hence, it is concluded 
that the principal causes for changes in recovery with 
rate were scaled and that viscous fingering did not ma- 
terially affect the results. 

Craig, et al,” in their investigation of gravity segre- 
gation in uniform five-spot models have demonstrated 
that, with negligible capillary force and within the range 
of properties of the systems investigated, volumetric 
sweep efficiency at water breakthrough decreases as in- 
jection rate decreases. They correlate their results on 
the basis of the ratio of horizontal, viscous, pressure 
differential to vertical, gravity, pressure differential 


NSP 
( a = . In this study, oil recovery from the uniform 
oJ f 


model (Reservoir 4) was essentially the same at water 
breakthrough for the two rates studied — 42 and 230 
B/D. Where capillary forces are active, as with this 
model, it is not possible to make a strict comparison of 
results on the basis of the single correlating parameter 
used by Craig, et al. It is interesting to note that the 


(5 = values for Reservoir 4 were 37 and 195, where- 


as the maximum five-spot value investigated by Craig, 
et al, was 10. Likewise, those authors reported values 
of mobility ratio up to 1.85, whereas the mobility ratio 
in this study was approximately three. Hence, the re- 
sults obtained from Reservoir 4 are not within the range 
of results obtained by Craig, et al, in their uniform five- 
spot studies. 


In the prototypes of stratified sands containing the 
high-viscosity oil, the recoveries were not greatly dif- 
ferent from those in the homogeneous sands. The flow 
of water into the tight stratum by capillary imbibi- 
tion was effective in offsetting the tendency for water 
to channel through the permeable sand. This selective 
interchange between the coarse and tight sands of water 
for oil is aided by gravity segregation when the tight 
sand is on the bottom. Changes in the position of the 
strata had a greater effect on recovery than did changes 
in rate. 


CONCLUSIONS 


The following conclusions are based on experimental 
studies of water flooding with a five-spot pattern. The 
conclusions are limited to the range of prototype con- 
ditions studied (shown in Table 1 for water-wet sands). 


1. In the stratified reservoirs, the volume of oil pro- 
duced as a result of injecting a given volume of water 
increased slightly as the rate of water injection de- 
creased for prototype reservoirs containing either 0.50- 
cp oil or 2.17-cp oil. 


2, The degree and distribution of permeability strati- 
fication was extremely jmportant to the oil recovery ef- 
ficiency. The highest recoveries were obtained when the 
upper sand was about twice as permeable as the lower 
sand. 


3. In the homogeneous sand, although gravity segre- 
gation was observed, the oil recovery at a given volume 
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ABSTRACT 


Peripheral water injection has been underway in the 
Sholem Alechem Fault Block “A” Unit, Stephens Coun- 
ty, Okla., since 1955. In the engineering planning of the 
flood, it was recognized that maintenance of pressure in 
the large, dry gas caps was vitally necessary to pre- 
vent the loss of an estimated 27 million bbl of oil 
through saturation of the gas caps by the oil banks 
moving updip on the peripheral flood pattern. The de- 
velopment of an abundant, low-cost water supply and 
the rising cost of makeup-gas purchases indicated that 
gas-cap control by water injection was desirable from 
an economic standpoint, provided an effective water 
barrier could be placed without premature water break- 
through into downdip oil producers. 

A laboratory model scaled to the existing reservoir 
conditions was constructed to evaluate the feasibility 
of gas-cap water injection. Model studies indicated that 
(1) water injected at the edge of the gas-oil contact 
would form a continuous barrier between the oil and 
gas zones, and (2) water would advance uniformly 
downdip without segregation due to gravity effects pro- 
vided a specified, minimum water-injection rate was 
maintained. The model test results also indicated that 
it was not necessary to fill the gas cap completely with 
water. 

Water injection at the edge of one of the gas caps 
was initiated in March, 1958, to field test gas-cap water 
injection. Water breakthrough occurred at a downstruc- 
ture producing weil in April, 1959, after approximately 
2.5 million bbl of water had been injected into the 
gas cap. This was the volume calculated to be required 
to form the barrier between the oil zone and gas cap. 
This performance indicates that prevention of oil en- 
croachment into dry gas caps in a peripheral water flood 
by water injection at the gas-oil contact appears prac- 
tical and that the model studies provided a valid pre- 
diction of field performance. 


INTRODUCTION 


The Sholem Alechem Fault Block “A” Sims Sand Unit 
was one of the first major waterflood projects in Okla- 
homa to utilize a peripheral injection pattern. Design 
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of control measures to minimize oil encroachment into 
the large crestal gas caps was one of the greatest sin- 
gle problems during engineering planning of this flood. 
Engineering studies indicated that saturation of the gas 
caps with oil displaced by the peripheral water flood 
could result in a loss of about 27 million bbl of oil, 
or over one-half the estimated waterflood recovery. 
This estimate was based on a residual oil saturation 
after water flooding of 35 per cent pore volume, com- 
pared to the negligible oil saturation initially in the 
gas caps. 

The Sholem Alechem Springer field, located in Ste- 
phens County, Okla., is an elongated anticline with 
structural dips varying from 400 to 1,000 ft/mile. The 
structure contains numerous faults, some of which are 
sealing. The portion of the field considered in this 
paper is Fault Block “A”, which is the largest of the five 
major fault segments in the field. A map of the unit is 
shown on Fig. 1. The unit is bounded on the east and 
west by major sealing faults, on the north by a water- 
oil contact and to the south by a deterioration of sand 
development. Two domes, each having gas caps, exist 
in the unit and are separated by a north-south fault as 
shown in Fig. 1. 


The sands being flooded are the Sims sand members 
of the Springer series of early Pennsylvanian age. The 
Sims sands average over 100 ft in thickness in Fault 
Block “A” and have a porosity of approximately 19 per 
cent. Core permeabilities average 160 md, with inter- 
stitial water saturation of about 23 per cent pore vol- 
ume. Three different zones can be correlated over most 
of the area. However, they are commingled in most of 
the producing wells. The two upper zones, designated 
as First and Second Sims, are the most important. Both 
the First and Second Sims have gas caps in the east 
dome, while only the First Sims has a gas cap in the 
west dome. These gas caps, whose limits are also shown 
on Fig. 1, initially occupied nearly 11 per cent of the 
total reservoir volume. 


The major concern of this paper is the control of 
the two gas caps in the First Sims sand. Fig) 2isa 
cross section, to scale, across the east dome of this for- 
mation. Notable features are the relatively shallow dip, 
the deterjoration of the First Sims sand on the south 
side of the gas cap and the water-oil contact on the 
northern edge. The formation dip at the gas-oil contact 
in this cross section is approximately 5°. 
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_— INITIAL ENGINEERING PLANNING 


Early engineering committee studies, initiated in 
Sept., 1951, contemplated a five-spot flood pattern for 
the oil zone with simultaneous water injection around 
the edge of the gas caps to minimize the volume of 
water required for gas-cap control. ee 


After additional study, a peripheral waterflood pat- 
tern was adopted with tentative plans to maintain gas- 
cap pressure by gas injection. Unit-owned residue gas 
available from the gasoline plant in the field was to 
be used for injection initially in the small First Sims 
gas cap of the west dome. Consideration of the source 
and volume of makeup gas that might be needed for 
the larger gas caps was postponed until results of gas 
injection in the small gas cap were available. 


GAS-INJECTION PERFORMANCE 


Fig. 3 shows in more detail the area of the small gas 
cap on the west side of the unit. 

Gas injection was started Feb. 23, 1956, some 
three months after initial -water injection into the peri- 
pheral wells. Fig. 4 is a plot of gas-cap pressure vs 
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Fic. 3— Map or Smaut Gas Cap, First Sims Sanp — SHOLEM 
AvecHEeM Fautt Brock “A” Unit. 


cumulative injected-gas volume in the small gas cap. 
Also shown on this plot, for comparison, is the pressure 
build-up predicted for a gas cap of constant volume. 
After six months of injection, a marked deviation was 
noted, which indicated considerable leakage of gas from 
the original gas cap. In Wells 17, 23, 24 and 25, imme- 
diately north of the gas cap, the gas-oil ratios from the 
First Sims sand increased from 1 to 10 Mcf/bbl during 
this time. Shortly after this increase in gas-oil ratio, 
the First Sims sand was packed off in these wells. 
For the next year, very little increase in gas-cap pres- 
sure was evident, although injection of all available 
residue gas was continued. The oil-production perform- 
ance of Wells 44 and 47, immediately west of the gas 
cap, indicated that the oil bank ahead of the injected 
water from the west was fast approaching the gas-cap 
area; migration of oil into the gas cap appeared immi- 
nent unless preventive measures were taken. 


During this period, the decline in available unit re- 
sidue gas from the plant indicated that all gas-injection 
requirements for the larger gas caps on the east dome 
of the fault block would have to be met through make- 
up-gas purchase. The urgent need for preventing oil en- 
croachment into the small gas cap, together with the 
available abundant water supply, suggested that further 
consideration of gas-cap water injection was warranted. 
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RESERVOIR SCALE-MODEL STUDIES 


A model study of the First Sims sand of the Sholem 
Alechem Fault Block “A” unit was undertaken to study 
the feasibility of forming a water barrier updip from the 
oil zone to prevent oil migration into the gas cap. The 
problem involved in the use of gas-cap water injection 
was to determine whether the injected water would 
form an effective barrier between the oil and gas zones 
or whether, instead, the water would preferentially flow 
downdip, appearing prematurely at the oil-production 
wells. While information on this problem is not readily 
obtainable by other means, it is particularly suited for 
study by reservoir scaled-model tests. 


SCALING 


The general principles of modeling oil reservoir prob- 
lems have been developed and published previously.*” 
For the performance of a model to simulate in all re- 
spects the performance of a prototype, the values of 
the following scaling factors must be the same in both: 
(1) the ratios of the formation dimensions, i.c., length 
thickness and width; (2) physical features such as well 
arrangement and dip; (3) the dimensionless capillary 
pressure and the relative permeability functions; (4) 
the oil-displacing fluid viscosity ratio; and (5) the ra- 
tios between the viscous, capillary and gravity forces. 
In practice these scaling criteria impose severe restric- 
tions on the scope of model studies. 


In modeling the First Sims sand in the Sholem Al- 
echem Fault Block “A” unit, several simplifications 
were made. These were considered justified because the 
result of primary interest, and accurate measure of the 
gross water movement, could be obtained from the sim- 
plified model. 


The relative permeability function and viscosity-ratio 
requirements can be combined to form the mobility ra- 
tio. It has been shown‘ that, when the value of the 
mobility ratio is the same in the model and prototype, 
the sweep patterns are correctly modeled. Since the 
volumetric sweep pattern of the injected water was the 
primary information required from the First Sims sand 
model, the mobility ratio in the model was made ap- 
proximately equal to that in the reservoir, If informa- 
tion on the water and oil-production performances were 


4References given at end of paper. 
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required, it would be necessary to model also the rela- 
tive permeability characteristics and viscosity ratios. 


In modeling the First Sims sand, the simplifying as- 
sumption was made that the formation non-uniformities 
were randomly distributed in such a way that the for- 
mation appeared of nearly uniform permeability to the 
advancing water. This assumption was made largely of 
necessity because complete information on the nature 
and location of the permeability variations in the reser- 
voir was not available. With a uniform-permeability sys- 
tem, the details of model construction were simplified. 
The flood patterns developed in the model then reflect 
some over-all average of those developed in the field. 


Preliminary calculations showed that, for field peri- 
pheral water-injection rates which initially averaged 
about 800 B/D/well, the ratio >f the viscous to gravity 


forces R ( = ) onion largely controls the degree of 


segregation of the fluids due to gravity) could be 
matched in the model, However, matching exactly the 


V 
ratio of the viscous to capillary forces R( val )ovas found 


to be impractical. The difference in the values of this 
ratio calculated for the model and prototype, assuming 
the same dimensionless capillary pressure, indicated 
that the capillary forces would be relatively greater in 
the model. 


The model tests conducted at the maximum experi- 
mental flow rate showed no segregation of the fluids 
due to gravity and negligible capillary effects, an ob- 
servation confirmed by calculation. Consequently, the 
lack of complete scaling of the capillary forces was not 
important at this model flow rate, which was used in 
the First Sims sand model tests. 


First SiMs MopEL CONSTRUCTION 


A model, scaled to the structure and thickness of the 
northern portion of productive zone in the First Sims 
sand in the Sholem Alechem Fault Block “A” Unit, 
was constructed on the basis of the well log records. 
The portion of the First Sims sand reservoir modeled 
is shown in Fig. 5. As shown in this figure, some of 
the well locations which were outside the modeled area 
were changed slightly to be included in the model. The 
shell of the model was made entirely of plexiglas to 
permit visual observation of the progress of the water 
flood. Two sheets of plexiglas, heated and shaped to 
the contour of the top and bottom of the sand, formed 
the top and bottom of the model. Three faults with dis- 
placement greater than the sand thickness were repre- 
sented by barriers in the model. In Fig. 6, which pre- 
sents a photograph of the model, these barriers appear 
as black strips. The model wells completely penetrated 
the sand and were constructed of perforated stainless- 
steel tubing cuvered with 270-mesh screen. The wells 
were spaced on simulated 20-acre development instead 
of the 10-acre development in the field, reducing by 
one-half the number of wells required in the model. 
The model was filled with glass beads which, when 
packed, had a permeability of approximately 4.7 dar- 
cies. 


The flow capacities of the model wells can be ex- 
pressed in terms of “condition ratio”. This term is the 
ratio of the actual well flow capacity to the capacity 
calculated for a 6-in. diameter well with no permeabil- 
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ity alteration in the same formation. The model wells, 
as assembled, had values of condition ratio of 2.5 and 
simulated the condition in whicn fracturing or other 
forms of productivity stimulation had increased the ef- 
fective well diameter to about 17 ft. The condition ra- 
tios of the model wells were adjusted to 1.0 and 0.5 by 
inserting capillary tubes in the flow lines, thus adding 
additional flow resistance and reducing the actual flow 
capacity to the desired level. 

Table 1 presents fluid and rock properties a the 
model and the field, the values of the scaling criteria 
and other factors in both the model tests and reser- 
voir. 


MopeEL TEST PROCEDURE 

The model, initially saturated with water, was re- 
duced to an interstitial water saturation of 13 per cent 
pore volume by flushing with several pore volumes of 
oil. Tne gas caps were formed by circulating air through 
the gas-cap areas to displace a portion of the oil. The 
water was dyed blue, and a clear oil was used so that 
the high water saturations formed by subsequent water 


TABLE 1 — CORRESPONDING FACTORS IN MODEL AND FIELD 
Model of First 
Field Sims Sand 


2 miles X 1 mile X 
100 ft (average) in 50 X 30X % in. 
area modeled (average) 


Dimensions 


Development Pattern 10 acres (20 acres simulated) 
No. of Wells 110 in area modeled 55 
Permeability (md) 160 4,700 
Oil Viscosity (cp) 8.6 68 
Interfacial Tensions (dyne/cm) 30.2 6 (reduced by 
addition of 
Injection Rate/Gross Cross-section n-butyl alcohol) 
Area = qi (cm/min) 7.0°X 104 
Mobility Ratio: (swept area) .32 
w 
ko 
— (unswept area) 
Lo 
R ( Viscous ) 43 
Gravity) 
Vise i L 
( ) = qi Hho 33 1.0 
Capillary Vkacos 
where R = dimensionless ratio, 


volumetric injection rate per unit gross cross-section area, 

oil viscosity, 

permecbility (subscripts ‘‘o'’ and ‘‘w’’ refer to oil and 
water, respectively), 

densi* aifference between water and oil, 

length of oi. bonk, 

water-oil interfocial tension, and 

oil-water-solid contact angle. 


= 
| 


injection were clearly visible. The contrast between the 
portion of the model with gas saturation (approximately 
50 per cent pore volume) and that with high oil satura- 
tion was less marked, but it was clearly discernible. 
After the initial test flood, the model was returned to 
the same condition for subsequent floods by injecting 
oil until all the flood water was displaced, then re-form- 
ing the gas caps. 


During the flood tests, water was injected from a sys- 
tem of burrettes which applied a uniform gravity head 
to the injection wells. The oil and water production 
from each well was collected and measured. As the pro- 
ducing wells were flooded out with water, they were 
shut in. 


A total of four tests were made —one with peri- 
pheral water injection only at a condition ratio of 1.0 
and three with both peripheral and gas-cap water in- 
jection with wells at condition ratios of 0.5, 1.0 and 
2.5, respectively The progress of each of the water 
floods conducted on the First Sims sand model was 
recorded by photographs taken at one-second intervals. 


SUPPLEMENTAL FLOW TESTS 


At the model injection rates scaled to the current field 
injection rates in the peripheral wells (as previously dis- 
cussed), there was no segregation of the fluids due to 
gravity and negligible water-oil capillary effects. The 
model test results also apply to other well injection rates 
in which there are negligible gravity or capillary ef- 
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fects. To determine the lower limit of these injection 
rates, supplemental tests were made on a separate linear 
model. This model was 65-in. long, with rectangular 
cross section, 4-in. wide and 1-in. thick, simulating a 
strip of the formation up the flank of the structure. 
This model, packed with 30 to 40-mesh sand which 
had a permeability of 145 darcies, was open to flow at 
each end throughout the entire cross section. It was 
saturated with water and oil in the same manner as 
that described for the First Sims sand model. 


During the flow tests, the model was inclined at the 
average angle of dip of the First Sims sand reservoir, 
water being injected at the upstructure end. 


MODEL TEST RESULTS AND DISCUSSION 


SUPPLEMENTAL FLOW TESTS 


Shown in Fig. 7 are the results of the series of sup- 
plemental flow tests on the linear model. These tests 
were made to determine the lower limit of water-in- 
jection rate at which the First Sims sand model test 
results apply. In this linear model, because of the wider 
range of flow rates possible and its greater permeabil- 


ity, the ratio of viscous to capillary forces R ( z) could 


be matched more closely to those in the field. The flow 
rate was varied over a wide range to measure the ten- 
dency of the water front to slough due to gravity ef- 
fects. The results showed that, at values of the scaling 


4.0, the breakthrough recovery declines due to segrega- 
tion of the front. The values of these scaling groups 
are directly proportional to flow rate. The values of 


V 
group R( 4 below about 0.2 and R (z ) below about 


G 


on the initial water-injection rate in the peripheral 
wells (800 BWPD/well) are 4.3 and 33.0, respectively. 


R (Z) and R (=) calculated for the reservoir based 


Comparing these reservoir values of R (4) to the mini- 


mum at which the effect of capillary and gravity forces 
are negligible shows that, if the rate of advance of the 
water front downdip is greater than that corresponding 
to an updip injection rate of approximately 80 B/D/ 
well, negligible segregation due to gravity will occur. 
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First Sims SAND MopEL 


Figs. 8 and 9, taken from the pictures of the model 
tests, show the progress of the two water floods. The 
flood traced for Fig. 8 was made with water injected 
in the peripheral wells only. Fig. 9 shows the progress 
of a flood started on the same peripheral pattern but 
with water injected later into the edge of the gas caps 
under the same injection pressure as the peripheral 
wells: The producing wells in both model floods were at 
a condition ratio of one. 


The model water flood with peripheral injection only, 
representing a continuance of the field peripheral in- 
jection program, advanced uniformly upstructure filling 
the gas caps with oil. The smaller gas cap was almost 
entirely swept by the water at the time the flood was 
stopped. The second flood represents upstructure water 
injection started at the then current stage of the field 
flood and with the same injection pressure as that at 
the periphery. This flood effectively sealed off the gas 
caps and showed no indications of fluid segregation due 
to gravity. For comparative purposes, the oil recover- 
ies from the two model tests were 56 per cent of the 
total oil in place for no gas-cap water injection and 68 
per cent with water injection at the gas-oil contact. 


The effect of the condition ratio of the producing 
wells on the flood performance is shown by comparison 
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of the recoveries of three model floods with condition ra- 
tios adjusted to 0.5, 1.0 and 2.5. In each flood, water 
injection was started in the gas cap at the time the 
first row of producers offsetting the peripheral wells 
went to water. The oil recoveries of the three floods 
were 60, 68 and 70 per cent of the oil in place, respec- 
tively. The difference in oil recovery represents migra- 
tion of oil into the gas cap before the injected water 
formed a barrier to block off the gas cap. These model 
test recoveries, while not directly applicable due to 
the delay in fill-up in the field, show qualitatively that 
oil recovery in this type of flood is increased with in- 
creased condition ratios at the producing wells. 


Because of the selection of scaling factors, the sweep 


patterns developed duplicate those expected in the field.. 


However, the actual recovery values from this model, 
it should be emphasized, are of only qualitative signifi-_ 
cance in terms of field recoveries. Because of the dif- 
ference in relative permeability characteristics, the 
model has a lower residual oil saturation than the field 
(15 per cent vs 35 per cent pore volume). Because of 
the relatively higher gas-oil capillary forces in the 
model, the initial oil saturation in the model gas cap 
(40 per cent pore volume) is much greater than the 


reported negligible oil saturation in the First Sims sand: 


gas cap. As a consequence of the high oil saturation in 
_ the model gas cap, the rate of water advance into the 
gas zone from the injection wells at the gas-oil con- 
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tact will initially be several times greater in the field | 
than that shown by the model. This difference in rate 
will decrease, however, as the water taken by the gas 
cap contributes to resistance to flow. To form an ef- 
fective water barrier, it should be noted, the gas caps 
do not have to be filled with water. Also, the field flood 
would show a net loss of recovery upon oil saturation 
and subsequent water flooding of any portion of the 
gas cap, whereas the model shows a net gain of oil un- 
der the same circumstances. As a result, the difference 
in oil recovery between the two types of floods (i.e., 
with and without gas-cap water injection) will be greater 
than that shown by the model. 

As indicated by the model tests, prevention of oil 
encroachment into dry gas caps in a peripheral water 
flood by water injection at the gas-oil contact appears 


practical. 


FIELD PERFORMANCE OF GAS-CAP 
WATER INJECTION 


With water injection at the gas-oil contact indicated 
by model studies to be a feasible means of preventing 
oil migration into the gas cap, injection into the First 
Sims sand west gas cap was started in March, 1958. 
Wells 48, 49, 50, 72 and 78 were equipped for injection 
service in the First Sims and for producing from the 
Second Sims. Location of these wells, relative to the 
small gas cap and the peripheral injection wells, is 
shown in Fig, 3. These gas-cap water-injection wells, 
which were above the upper limit of the oil sand, were 
one location upstructure from those used in the model 
studies. Injection into these wells has been at a rate 
of 1,500 to 1,800 BWPD, which is a rate of three to 
six time greater than the current injection rate into 
the peripheral water-injection wells. The gas-cap in- 
jection wells took over 200,000 bbl of water by gravity 
injection, and current injection pressures are less than 
500 psig. By comparison, many peripheral injection 
wells are operating at near the plant pressure of 1,000 
psig to maintain desired injection rates. 

Calculations based on sand volumes and model studies 
indicated that these five wells would require an esti- 
mated total of 2.5 million bbl of water for the forma- 
tion of a water barrier between the oil and gas zones 
at the gas-oil contact. To completely fill the small gas 
cap would require an estimated 5.2 million bbl of 
water. 


A tracer was added to the injected water to assist 
in the location-of the water bank being formed at the 
gas-oil contact. Sodium thiosulfate at a concentration 
of 50 ppm was added to approximately the first 50,- 
000 bbl of water injected into each of the five wells. 

Six months after the start of water injection at the 
gas-oil contact, the First Sims sand section was re- 
opened in Wells 17, 24 and 25. The wells produced 
only negligible amounts of gas, indicating that the 
movement of the gas from the cap was being blocked. 
As mentioned previously, these wells were producing 
at gas-oil ratios of 10 Mcf/bbl when the First Sims 
sand was closed-in during gas injection. Several months 
after re-opening the First Sims in these three wells, 
the position of the water barrier was again checked by 
perforating the First Sims in three additional wells. 
These wells, Nos. 41, 42 and 43, had not been pro- 
duced in the First Sims due to their proximity to the 
original gas-oil contact. After perforating, the First 
Sims in Well No. 43 produced over 100 BOPD, Well 
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No. 42 produced 40 BOPD, while Well No. 41 did not 
show any appreciable oil production, The wells had gas- 
oil ratios of less than 200 cu ft/bbl, indicating that 
an effective water barrier was being formed at the gas- 
oil contact as had been predicted by the model studies. 
This indicated that an oil bank was being formed 
ahead of the water, which had also been predicted by 
the model studies. 


The initial water breakthrough from the gas cap to 
a downstructure producing well occurred at Well No. 
42 in April, 1959. The detection of sodium-thiosul- 
fate tracer confirmed that the produced water was that 
injected at the edge of the gas cap. Production at that 
well changed from 66 BOPD and 0 BWPD on April 
13, to 19 BOPD and 66 BWPD on April 18. At the 
time of initial breakthrough, approximately 2.5 million 
bbl of water had been injected into the gas cap. This 
was the amount calculated to be required to form the 
barrier between the oil and gas zones. Thus, laboratory 
model studies have provided a valid prediction of ac- 
tual performance by gas-cap water injection, Injection 
rates have now been reduced to 100 BWPD/well to pre- 
vent excessive movement of the water bank downstruc- 
ture. 

It was expected that breakthrough would occur ini- 
tially at Well No. 42. Well No. 42 had the most gas 
pay (27 ft) and least oil pay (31 ft) of any of the 
offsets downstructure from the gas-cap injection wells. 
The south offset, injection Well No. 49, had 56 ft of 
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gas pay and no oil pay. During early May, 1959, the 
production from the First Sims sand in Well No, 42 
went to 100 per cent water, and it was necessary to 
shut off the First Sims sand. However, in its short pro- 
ducing life in the First Sims sand, Well No. 42 indi- 
cated that the water injected updip formed an effective 
oil bank ahead of the water moving downstructure. 


CONCLUSIONS 


1. Prevention of oil encroachment into dry gas caps 
in a peripheral water flood by water injection at the 
gas-oil contact appears practical. 


2. Laboratory model studies provided a valid predic- 
tion of actual performance by gas-cap water injection. 
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Miscible Displacement—Flow Behavior and Phase 
Relationships for a Partially Depleted Reservoir 


J. F. WILSON 
MEMBER AIME 


ABSTRACT 


An experimental investigation has been made of gas- 
driven slug displacements in a system of high gas sat- 
uration to evaluate the process for use in a California 
reservoir. Fluid compositions, temperature, pressure and 
core permeability duplicated reservoir conditions as 
closely as possible. The temperature was above the crit- 
ical of the slug materials. The slug composition re- 
quired for 100 per cent oil recovery in the linear flow 
systems was found to agree with that determined from 
equilibrium phase studies. 

A qualitative theory for the slug displacement of 
two-phase systems is proposed and found to be in gen- 
eral agreement with the observed flow behavior. The 
theory predicts that the length of the reservoir fluid- 
slug transition zone will increase with increased initial 


gas saturation and decrease with increased oil swelling _ 


accompanying the composition change from reservoir 
oil to the critical composition. 

The precipitation of small amounts of an asphaltic 
phase during the formation of the transition zone had 
no adverse effects on the flow behavior of otherwise 
miscible systems. 


INTRODUCTION 


Despite the large number of recent publications re- 
lating to oil recovery by miscible displacement, little in- 
formation is available concerning the behavior of crude 


oil-natural gas systems at conditions likely to be en- — 


countered in field application. The laboratory data re- 
ported here were obtained during an investigation of the 
possibility of using a gas-driven LPG slug in a partially 
depleted California reservoir. Seven gas-driven slug dis- 
placements employing slugs of different compositions 
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and sizes were made in 26- to 27-ft long sandstone 
cores, The equilibrium phase behavior of the systems 
was also determined. 

The features of primary interest in this study are the 
following. 

1. Data were obtained on the displacement of reser- 
voir fluids at reservoir conditions. 

2. A high gas saturation existed in the long cores at 
the start of the displacements. 

3. The temperature of the studies was above the 
critical of the slug materials. 

4. A comparison between the flow behavior and eq- 
uilibrium phase behavior, as illustrated by a pseudo- 
ternary phase diagram, is afforded for a system of con- 
siderable complexity. 


THEORY 


PHASE BEHAVIOR 

The use of the pseudo-ternary phase diagram to il- 
lustrate the phase behavior in miscible displacements 
has been discussed by Clark, Schultz and Shearin.’ Sie- 
vert, Dew and Conley’ and Arnold, Stone and Luffel’ 
have presented both phase equilibrium and flow data for 
true ternary systems. For the true ternary, the applica- 
tion of the theory is straight-forward; for a reservoir 
system represented as a ternary, the theory undoubtedly 
gives a qualitatively correct picture. One purpose of this 
investigation was to see if the pseudo-ternary phase dia- 
gram could be used to predict with reasonable accuracy 
the conditions necessary for miscible displacements with 
actual reservoir systems. 


MISCIBLE DISPLACEMENT OF TWo-PHASE SYSTEM 


A large number of papers *” have treated the mis- 
cible displacement of a single-phase fluid from both an 
experimental and a theoretical viewpoint. However, the 
normal field application of the process will be in a par- 
tially depleted reservoir. Often the state of the system 
will be such that the mobility of the gas phase is greater 


1References given at end of paper. 
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than that of the liquid. The materials most likely to be 
used to achieve miscible displacements in the near fu- 
ture are low-molecular-weight hydrocarbons which will 
be miscible with the gas phase and either miscible or 
capable of becoming miscible with the liquid phase, 


In such a system, the initial flow of the injected ma- 
terial will be predominantly in the gas channels. As the 
surrounding oil is swollen by solution of components 
from the displacing fluid, the cross-sectional area of the 
originally gas-filled channels is decreased in the region 
contacted. The farther the injected fluid-gas front moves 
ahead of the injected fluid-oil front, the greater becomes 
the resistance to flow in the injected fluid-gas system. If 
the system is long enough, the initial gas saturation low 
enough and the oil swelling great enough, the resistance 
to displacement of the gas will equal that of the oil. The 
displacement will then proceed in a piston-like manner. 

A displacement following this mechanism would be 
characterized by a rapidly declining gas-oil ratio in its 
early stages, followed by a period of nearly constant or 
slowly declining gas-oil ratio until breakthrough of the 
injected fluid. The length of the displacing fluid-reservoir 
fluid transition zone will be a strong function of the 
initial gas saturation, as observed by Koch and Slobod.™ 
Furthermore, the transition-zone length will be shorter, 
the greater the swelling accompanying the change from 
reservoir oil to the critical composition. 


From this standpoint, low-molecular-weight displac- 
ing materials are most desirable. They produce more 
swelling, when added in a quantity sufficient to achieve 
the critical composition, than do higher-molecular- 
weight materials. Although the low molecular weight 
normally will be accompanied by a low viscosity, the 
swelling effect well may outweigh the disadvantages of 
a poorer viscosity ratio in linear systems with a high 
gas saturation. 


APPARATUS 


Phase equilibrium studies were made in a variable- 
volume cell enclosed in an air bath. The essential fea- 
tures of this apparatus are similar to those of one used 
by Sage and co-workers. ” 


A schematic diagram of the flow apparatus is shown 
in Fig. 1, Each long core consisted of three approxi- 
mately 9-ft sections of 2-in. diameter Bartlesville sand- 
stone mounted inside 3-in. double-extra-strong pipe in 
a manner similar to that used by Lacey, Draper and 
Binder.” The annulus between the core and the pipe 
was filled with the bismuth-tin eutectic alloy (melting 
point, 281°F). The sections were fitted on both ends 
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Fic. 1—Scuematic Diacram oF FLow APPARATUS. 
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with standard 2,500-lb ring-joint flanges, and the 3-in. 
pipe was surrounded by 4-in. standard pipe to furnish 
a steam jacket for temperature control. The sandstone 
in each section protruded slightly beyond the flange face 
so that a squeeze of approximately 0.02 in. was taken 
when the flanges were assembled. The annulus between 
the protruding core end and the oval flange ring was 
filled with a Teflon gasket. 


At the two ends of each assembled long core, the 
sandstone was faced off flush with the flange face, and a 
Yg-in, thick by 2-in. diameter alundum disk of 19-dar- 
cies permeability was placed between the core and the 
end flange. All external piping was done with ¥%-in. 
OD by 0.035-in. wall, Type 304 stainless-steel tubing. 
The cores were mounted at the average dip (5°) of the 
reservoir being studied and insulated with 2 in. of 
magnesia. Properties of the four assembled cores used 
in these studies are shown in Table 1. 

As shown in Fig. 1, Grove “Mity-Mite” dome-loaded 
regulators were used to maintain injection pressure at 
the upstream end of the cores. Production rate was con- 
trolled by downstream metering pumps. These were 
small piston pumps displacing about 0.025 cc/stroke, 
with the stroke rate continuously adjustable from 0 to 
15 strokes/min. Production from the pump was sepa- 
rated into gas and oil at atmospheric pressure and 
16 


FLUIDS 


Two slightly different reservoir fluids were used. Both 
were made by recombining field separator oil and gas 
to give a bubble-point pressure of about 4,350 psi at 
260°F, but fluids from two different wells were used. 
The compositions of the two reservoir fluids are listed 
in Table 2. 


EXPERIMENTAL PROCEDURE 


PHASE EQUILIBRIUM STUDIES 


A reasonably simple, easily repeatable method was 
selected for conducting the equilibrium-phase behavior 
studies. In the first step, separator oil and gas were 
charged to the equilibrium cell in approximately the 
producing ratio. Equilibrium was established at 260°F 
and 2,015 psia. The resulting phases are labeled ‘“‘Reser- 
voir Oil” and “Reservoir Gas” on Fig, 2. In the second 
step, a new charge, made up to the same gas-oil ratio 
but with some of the separator gas replaced by the 
intermediates under study, was introduced into the cell. 


TABLE 1—CORE PROPERTIES 


Core A B Cc D 
Length, ft 26.2 26.1 27.0 27.0 
Di ter, in. Se 1.92 1.89 1.93 1.90 
Nitrogen Permeability, md... 48 49 45 48 
Brine Permeability, md_......... 19 19 19 19 
22.0 21.5 21.7 


TABLE 2—PROPERTIES OF RESERVOIR FLUIDS AT START OF DEPLETION 


Reservoir Fluid Reservoir Fluid 


o. 1 No. 2 
Composition, mol per cent: 
Methane 44.2 45.5 
Ethane 6.3 6.3 
Propane 6.3 7.1 
lso-Butane 1.1 1.2 
Iso-Pentane 1.0 
Normal-Pentane _. 1.0 
Hexanes and Heavier... 33.7 
Properties of Hexanes cand Heavier: 
Molecular Weight 239 228 
Bubble-Point Pressure at 260°F, psia...._ 4320 4340 
GOR 948 998 
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The resulting equilibrium phases gave a second set of 
points at a higher level of intermediates concentration. 
Subsequent steps, identical with the second except for 
the percentage of intermediates in the gas, were used 
to develop the entire phase envelope. 


LONG-CorE STUDIES 


Cores were initially saturated with brine. The equili- 
brium water saturation was established by flooding with 
field separator oil until brine production ceased. The 
separator oil was then replaced with reservoir fluid. 
The preceding operations were at ambient temperature. 
The temperature was then raised to 260°F and the pres- 
sure_adjusted to 4,815 psia. The cores were then de- 
pleted to 2,015 psia and the slugs introduced, followed 
by the driving gas at 2,050 psia. During the slug drives, 
pumps were adjusted daily to produce the hydrocarbon 
content of 2 linear ft of core per day. 


The dry gas-ethane-propane slugs were supplied to 
the pressure regulators from vessels maintained at 
212°F. For Runs 1, 2 and 3, the amount of slug added 
was calculated from the pressure drop and the vessel 
volume. Because of experimental difficulties encountered 
in the handling of the slug for Run 4, both the size and 
composition of this slug were calculated from produc- 
tion data. 

The dry gas-propane slugs were supplied from vessels 
thermostatted at 100°F, Pressure was kept 100 to 2,000 
psi above that downstream of the regulators by inter- 
mittent injection of water using the apparatus shown in 
Fig. 1. 

Reading of the oil and gas production, core pressures 
and temperatures were taken every eight hours. Gas 
samples for analysis by vapor-liquid partition chromato- 
graphy were taken at least once every 24 hours. Certain 
oil samples were also analyzed chromatographically by 
using a disposable forecolumn to remove the heavy 
ends. 


CALCULATIONS 


The hydrocarbon pore volumes produced were cal- 
culated from production data, PVT properties of the 
fluids and the assumption of no volume change on mix- 
ing in the cores, That is, 

AV, = AN, Be (AG, = AN,R, =X. 
+ X, AG,B, (1 
where AV, is the volume of produced fluids at core con- 
ditions; X, is the volume fraction of slug material in the 
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TABLE 3 — PROPERTIES OF RESERVOIR OIL AND GAS AT START 
OF SLUG DRIVES 


Reservoir Gas Reservoir Oil 
No. 1 No. 2 No. 1 No. 2 

Composition, mol 
per cent 

Nitrogen: 0.1 0.4 0.1 0.1 

Carbon Dioxide... 1.2 1.8 0.3 0.9 

Methane __.. 79.4 28.1 25.8 

Ethane _.... 7.4 4.6 5.4 

Propane. 6.0 6.1 6.9 79 

t-Butane: 0.7 0.8 1.2 135 

n-Butane 1.8 3.3 3.8 

n-Pentane _......... 0.5 0.4 1.6 1.4 

Hexanes and Heavier 0.8 tS 52.7 51.9 
Miscosity;; 0.017 (est) 0.46 0.56 
Formation Volume 

Factor, vol/vol _..... 0.00885 1.311 1.346 
GOR, cu 415 443 
Tank Oil Gravity, ° API. 29.3 27.6 


Note: The properties listed were measured on the phases present in the 
PVT cell after simulation of the reservoir depletion process by differential 
gas liberations to reduce the bubble-point pressure from its original value 
to 2,015 psia. Reservoir Gas No. 1 and Reservoir Oil No. 1 were derived 


_—from Reservoir Fluid No. 1 (Table 2), and Reservoir Gas and Oil No. 2, 


from Reservoir Fluid No. 2 


produced gas as calculated from the produced gas com- 
position; B, is the formation volume factor of reservoir 
free gas, taken as that of the reservoir equilibrium gas 
before production of the slug peak concentration and 
that of the driving gas after the slug peak; and B, is the 
formation volume factor of the slug. 


The reservoir-fluid parameters needed in Eq. 1 were 
obtained from PVT analysis and are listed in Table 3. 
The PVT studies showed that the properties of the two 
reservoir fluids were sufficiently similar so that their 
displacement behaviors would be nearly identical. For 
the dry gas and the dry gas-ethane-propane slugs, volu- 
metric properties were estimated from the compositions 
and a generalized compressibility-factor chart.” Prop- 
erties of the dry gas-propane slugs were obtained by as- 
suming that a slug of a given composition obeyed the 
same reduced equation of state as the methane-propane 
mixture” having the same pseudo-critical volume. 


RESULTS 


The results of the phase equilibrium studies are pre- 
sented in Fig. 2 in the form of pseudo-ternary phase 
diagrams. Reservoir Fluid No. 1 with added ethane-pro- 
pane represents the system used in long-core Runs 1, 2, 
3 and 4. Reservoir Fluid No. 2 with added propane rep- 
resents the system studied in Runs 5, 6 and 7. This 
presentation of the data is considerably simplified, not 
only because of the component lumping, but also be- 
cause appreciable amounts of a semi-solid (asphaltic) 
phase were observed to separate in both systems at high 
intermediates concentrations. Although the vapor-liquid 
interface disappears at the critical composition indicated, 
a liquid semisolid phase boundary exists in the system. 


Results of the flow studies are summarized in Table 
5. This table identifies the core, reservoir fluid and slug 


TABLE 4—PROPERTIES OF DRIVING FLUIDS 


Slug Slug Slug Slug Slug 
Fluid No. 1 No. 2 No. 3 No. 4 No. 5 


Composition, mol 
per cent 
Nitrogen -......... 
Carbon Dioxide 
Methane .......... 
Ethane 


Dry Gas 


is) 


wo 


o 


aw 

RWW 


Propane ........-- 
i-Butaue -......... 
n-Butane .......... 
i-Pentane ........ Tr 
n-Pentane ........ Tr 
Hexanes and 


= 


Compressipility 
Factor at 
260°F, 
-816 -596 -681 .624 914 
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used in each run by cross reference to Tables 1, 3 and 
4, Slug sizes, fluid saturations at the start of the runs 
and a summary of the production data are also indi- 
cated. Production data for the two miscible displace- 
ments (Runs 4 and 7) and a typical immiscible dis- 
placement (Run 5) are shown in Figs. 3, 4 and 5. The 
oil-gas ratio has been plotted rather than the usual gas- 
oil ratio because the range of values encountered can 
be more easily presented in this form, The shapes of 
the emergent slugs from the two miscible displacements 
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are illustrated by the produced gas compositions shown 
in Fig. 6. 

Runs 1, 2 and 3 employed dry gas-ethane-propane 
slugs containing about 40 mol per cent ethane and 
heavier. The slug sizes were 0.21, 0.38 and 0.66 hydro- 
carbon pore volumes. As shown in Table 5, recovery 
increased with increasing slug size, but the largest slug 
resulted in a recovery of only 32 per cent. In none of 
these runs did the oil-gas ratio ever increase significantly 
above the value at the end of the depletion (0.25 bbl/ 
Mcf). Runs 5 and 6 employed dry gas-propane slugs 
containing 58 and 67 mol per cent ethane and heavier. 
Both slug sizes were 0.42 hydrocarbon pore volumes. 
Tank oil recoveries of 45 and 72 per cent were realized. 
As illustrated by Fig. 5, some improvement in the oil- 
gas ratio behavior was seen in these runs with maximum 
values of 0.61 for Run 5 and 1.02 for Run 6 occuring 
just before slug breakthrough. 


Run 4 employed a 0.35 hydrocarbon pore volume 
dry gas-ethane-propane slug containing 91 per cent 
ethane and heavier, Run 7 employed a 0.42 hydrocar- 
bon pore volume dry gas-propane slug containing 79 
per cent ethane and heavier. As illustrated by Figs. 3 
and 4, these displacements are characterized by es- 
sentially complete oil recovery and by a rapid increase 
in the oil-gas ratio at the start of the displacement fol- 
lowed by a production period in which oil and gas are 
being produced at a ratio indicating equal rates of oil 
and gas flow ahead of the advancing slug. 


In none of the runs was any pure slug material pro- 
duced, but in Runs 4 and 7 produced-slug peak con- 
centrations were in the single-phase regions of the phase 
diagrams, lying very close to a line drawn on the pseudo- 
ternary diagram between the composition of the core 
contents at the start of the displacements and com- 
position of the slug. 


In addition to these data, several observations are 
pertinent. No evidence of core plugging was observed. 
Some partial plugging of the tubing lines from the cores 
to the separators was encountered in Runs 1, 2 and 3, 
and small amounts of a separate asphaltic phase were 
produced during Runs 5 and 6. This occurred as the 
slugs were being produced. No separate asphaltic phase 
was produced at any time during the two miscible dis- 
placements. A small amount of waxy material, repre- 
senting about 0.1 per cent of the tank oil in place, was 
produced just before production of the slug peak in 
these two runs. 


The oil produced during the emergence of the res- 
ervoir fluid-slug transition zone in the miscible dis- 


TABLE 5—SUMMARY OF SLUG DRIVES 
Run 1 2 3 4 § 6 
Core (Tablel ).. A B Cc D A D 
2 2 
3 5 


Reservoir Fluid 

(Lab 1 1 1 1 
Slug (Table 4) 00. 1 1 1 2 
Slug Size, hydrocarbon 

pore volumes -38 .66 -42 -42 -42 
Water Saturation, 

-492 438 .468 .460 .461 .472 
Initial Gas Saturation, 

fraction 2198" 193; 194) 2195 
tattle Oil Saturation, 

jane 339 346 344 346 .330 

fraction: 

at Slug Breakthrough .12 .68 .24 -42 -66 

at 1.0 Pore Volume. .203 .254 .268 .912 ‘414. .670 .940 

at End of Slug 

322 976 450 717 1.025 

pore volumes 

produced) 48 .50 5 

Ratio at Slug Br 

threugh, bbI/Mcf _____. 0.230 0.233 0.216 1.239 0.418 0.729 1.109 


B 
2 
4 


k- 
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placements changed color progressively from black to 
greenish yellow. The color change was accompanied by 
a decrease in density despite the fact that the percent- 


age of pentanes and lighter remained essentially un- 
changed. 


DISCUSSION 


To compare the equilibrium phase behavior with the 
flow behavior, a method was needed to relate the data 
from the reservoir system with added propane to the 
system with added ethane-propane. In Fig. 7, the ratio 
of the ethane-and-heavier content of the slug employed 
in each flow test to the ethane-and-heavier content 
which the phase behavior studies indicated would be 
required for miscibility is plotted against the reciprocal 


of recovery. Because recovery is also a function of slug _ 


size in the immiscible displacements, the data from Runs 
1, 2 and 3 were interpolated to find the recovery at the 
‘same slug size used in Runs 5 and 6 (0.42 pore vol- 

~ umes). Extrapolation of the data from the immiscible 
runs gives a value of 0.97 at 100 per cent recovery. That 
is, the ethane-and-heavier content required for 100 per 
cent recovery is 97 per cent of that predicted by the 
phase behavior studies. In view of the slightly higher 
pressure and of the volumetric uncertainties in the flow 
studies, the agreement is good. 


The knowledge of the influence of the character of 
~ the ethane-and-heavier content of a slug on the com- 
position required for miscibility with a given reservoir 
fluid is often needed for field operations, Somewhat 
limited phase behavior studies have indicated that the 
pseudo-critical temperature of the slug composition re- 
“quired for miscibility remains nearly constant with var- 
iations in the molecular weight of the added intermedi- 
ates from 38 to 58. 


In the systems investigated here, both the phase 
equilibrium and flow studies indicate that the transition 


zone is not a simple mixture of slug and reservoir fluid, — 


but is deficient in asphaltic constituents. Since no sep- 
arate asphaltic phase was produced in Runs 4 or 7, 
the material rejected from the transition-zone oil must 
have been deposited near the upstream end of the core 


and remained essentially immobile. The high recoveries — 


from these runs show that the amount was small. Be- 
cause no adverse effects on flow were seen, the asphalt 
deposition may be considered beneficial in that an eco- 
nomically undesirable material was left behind. 

The plugging of production facilities in the immiscible 
runs probably resulted from production of slug-rich 
material from gas channels and subsequent mixing with 
previously uncontacted oil. 

The data from the flow studies are in general agree- 
ment with the proposed flow mechanism. Immiscible 
displacements as illustrated by Fig. 5 are characterized 
by a slowly increasing oil-gas producing ratio until slug 
breakthrough. This is presumed to be caused by swell- 
ing by the condensing gas, which is moving ahead more 
rapidly than the oil. During the miscible displacement 
shown on Fig. 3, the oil-gas ratio rose rapidly as oil- 
swelling reduced the gas flow rate. After production of 
about 0.05 pore volume, the linear advance rate of the 
two phases became equal. The remainder of the displace- 
ment was piston-like. The interpretation of the behavior 
of the other miscible displacement (Fig. 4) is clouded 
by erratic oil-gas ratio behavior caused by poor pressure 
control. Nevertheless, the same general pattern is ap- 
parent, The more dense slug material (propane) used in 
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this run causes the reservoir oil to swell less than the 
ethane-propane used in Run 4. The expected increase 
in the time required for the displacement to reach the 
piston-like stage is observable despite the scatter of the 
production data. However, there is no detectable ac- 
companying increase in the transition-zone length. (See 
Fig. 6.) 


CONCLUSIONS 


A combination of flow experiments and equilibrium- 
phase-behavior measurements has shown that the pseu- 
do-ternary phase diagram is a reliable guide for pre- 
dicting the conditions required for miscibility in a flow- 
ing system of considerable complexity. 2 


The results of the gas-driyen slug displacements are 
in accord with a mechanism proposed for systems of high 
gas saturation in which the initial gas-phase mobility is 
greater that the oil. In such systems, the length of reser- 
voir fluid-slug transition zone increases with increasing 
mobility of the displaced gas phase. It probably de- 
creases with increased swelling accompanying the com- 
position change from reservoir liquid to the critical com- 
position. 

The precipitation of small amounts of asphaltic ma- 
terial during the formation of the transition zone has no 
adverse effects on the displacements when the flow of 
the rest of the system is under miscible conditions. 
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ABSTRACT 


The mechanism involved in creating a miscible fluid 
displacement of typical reservoir fluids through porous 
media by light hydrocarbon mixtures usually involves a 
number of mixing and separation stages in the contact 
area. This mechanism has been illustrated on ternary 
diagrams for miscible displacement of reservoir fluid 
_ by rich hydrocarbon gases. 


A relatively simple method has been devised for cal- 
culating the approximate conditions for a miscible dis- 
placement of reservoir fluid by rich, light hydrocarbon 
gases or by LPG mixtures. Miscibility is favored by in- 
-creased pressures, decreased temperatures, light reser- 
voir fluids and light hydrocarbon-displacing fluids rich 
in the heavier components. 


The conditions for miscible displacements of five 
typical reservoir fluids by various light hydrocarbon 
mixtures were determined for a range of temperatures 
from 70° to 260°F and pressures from 1,000 to 3,000 
psia. A correlation of these conditions was obtained 
using the variables of temperature, pressure, C;+ mole- 
cular weight of the reservoir fluid, C.+ molecular 


weight of the displacing fluid, and mol per cent methane _ 
in the displacing fluid. This correlation has been applied 


to data appearing in the literature with very good suc- 
cess. A partial check of the correlation has been made 
using a step-wise procedure with a windowed PVT cell. 


INTRODUCTION 


The term, “miscible fluid displacement”, may be de- 
fined as any oil-recovery displacement process where 
there is an absence of a phase boundary or interface 
between the displaced and displacing fluids. A water 
flood would not be a miscible fluid displacement, al- 
though cycling in a condensate reservoir would be. An- 


other example is displacement of oil by gasoline. Not- 


so obvious, however, are the conditions under which 
fluids (such as propane, mixtures of propane and met- 
hane, or other similar systems) will give a miscible fluid 
displacement of oil. ~ 

There are four standard miscible-fluid-displacement 
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processes being used for the recovery of oil from an 
underground reservoir—(1) high-pressure dry-gas mis- 
cible displacement, (2) rich-gas miscible displacement, 
(3) miscible slug using a slug of LPG followed by a 
lean dry gas under miscible conditions, and (4) gas 
driven-slug process using a slug of LPG followed by a 
lean dry gas under immiscible conditions. 


The first problem faced by the engineer designing a 
miscible displacement process is to determine the con- 
ditions for miscibility. A number of papers have in- 
cluded discussions of the process of obtaining miscibility 
in these processes.”* However, methods for calculat- 
ing the conditions for miscibility have not been pub- 
lished. 

This paper includes a method for calculating the 
conditions for a miscible displacement of reservoir fluid 
by a rich gas (LPG diluted with methane or natural 
gas). In this paper, a rich-gas miscible displacement 
process is defined as an oil-recovery process in 
the reservoir. The cost of a rich-gas miscible displace- 
ment will be decreased by diluting the LPG with met- 
hane or natural gas as much as possible. Therefore, it 
is important to be able to predict the maximum dilution 
for miscibility. 


MECHANISMS 


The mechanisms for obtaining miscibility between a 
displacing mixture of light hydrocarbons and displaced 
reservoir fluid often involve a number of displacing and 
mixing stages. As stated previously, the cost of a rich- 
gas miscible displacement is decreased by diluting avail- 
able LPG with natural gas. The problem is to predict 
the maximum dilution allowed while maintaining mis- 
cibility. 

To get a picture of the displacing and mixing stages, 
it is helpful to consider these complex hydrocarbon 
mixtures as pseudo-ternary systems. Graphical represen- 
tation of a complex system as a pseudo-ternary system 
can be thermodynamically rigorous if enough variables 
are used to describe the character of each pseudo-com- 
ponent in one of the phases. However, even if the 
characterization of each pseudo-component is not com- 
plete, pseudo-ternary representation does serve to il- 
lustrate the mechanism for obtaining miscibility and can 
be used to make some general conclusions concerning 
the conditions for obtaining miscibility. 


A phase diagram for the ternary system, methane- 
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Fic. 1—Trernary Composition DiacrAM FOR MeETHANE-PRO- 
PANE-PENTANE System AT 100°F 1,500 psta.* 


propane-pentane at 100°F and 1,500 psia, is given in 
Fig. 1.° Under these conditions, there is a critical 
‘point within the diagram. 


Calculated pseudo-ternary phase diagrams for three 
different reservoir fluids at different reservoir conditions 
of temperature and pressure are given in Fig. 2. These 
were calculated using NGAA equilibrium constants.” 
The y axis contains the percentage of methane in 
the mixture. The x axis represents the sum of the mole 
percentages of ethane, propane and butanes in the mix- 
ture. The remainder of the mixture (pentanes and 
heavier) may be determined by subtracting the per 
cent methane and intermediates from 100. The com- 
position or character of the C, + and C.., fractions was 
maintained constant in the liquid phase. It should be 
noted that the shapes of the phase envelopes fcr these 
systems are similar to the one given for the true ternary 
system, methane-propane-pentane, in Fig. 1. 


Assuming that a phase diagram of this general shape 
is an appropriate representation, the mechanism for ob- 
taining miscibility may be illustrated by reference to 
Fig. 3. This figure has been prepared to demonstrate the 
mechanism involved in obtaining miscibility between res- 
ervoir fluid represented by Point R and an enriched gas 
represented by Point RG. The reservoir fluid is in the 
two-phase region and has a liquid phase of composition 


(n) and a vapor phase of companion (a). As gas is first 
injected, it will tend to move both liquid and vapor 
until eventually the gas velocity is greater than the 
liquid velocity. The first mixing will be between the 
liquid (m) and rich gas (RG). The over-all composi- 
tion of this mixture could be Point a. This mixture sepa- 
rates into two phases represented by Points n and b. 
As more rich gas is injected, it displaces the gas (b) 
and mixes with the liquid (n). These may mix to an 
over-all composition (8) which separates into liquid (0) 
and vapor (c). Injection of more rich gas will result 
in displacement of the vapor (c) and mixing of the 
liquid (0) with the injection fluid (RG) to form the 
mix (y). This continues until injection fluid (RG) 
mixes with the liquid (t), at which time a miscible dis- 
placement begins. Injection fluid (RG) miscibly dis- 
places the liquid (t) which miscibly displaces the liquid 
(s) which miscibly displaces r, etc. The gases will also 
be miscibly displaced by the rich gas; therefore, a com- 
pletely miscible displacement has been achieved. The 
liquids will gradually build up in saturation with dis- 
placement until a completely single-phase miscible dis- 
placement is achieved. 


It may be shown that the leanest mixture which will 
give a miscible displacement is represented by a point on 
the extension of the limiting tie-line (A-B) which passes 
through the critical point (c). 


At this point, a discussion of the limitations of pseudo- 
ternary representation is in order. It previously was 
stated that pseudo-ternary representation can be rigorous 
if the character of the intermediates and of the pen- 
tanes-and-heavier pseudo-components are completely 
specified and held constant in one phase for the dia- 
gram. One diagram cannot be used for the representa- 
tation of all the stages involved in obtaining miscibility 
because it would be extremely fortuitous if the character 
of the intermediates in the reservoir fluid in question 
were the same as that in the displacing mixture. As 
displacing and mixing stages are carried out, the charac- 
ter of the intermediates will change from that for the 
reservoir fluid to that for the displacing mixture. During 
these steps, the character of the C, + fraction at any 
given point may change also as some of these com- 
ponents are vaporized into the gas phase. The manner 
in which these things change for a given reservoir will 
depend upon the particular material balance placed 
upon the system at any point and is principally deter- 
mined by the relative flows of the two phases. Therefore, 
it would appear that any calculation procedure based 
upon the pseudo-ternary concept would suffer from 
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these limitations. However, some generalizations can be 
made independent of these assumptions. The degree to 
which the character of the C, + fraction changes dur- 
ing these stages depends upon the distance of the point 
in the reservoir being considered from the injection 
point. Positions close to the injection point will change 
their C, +character due to vaporization of C,, C,, etc., 
more than those farther away. Therefore, if one con- 
siders a position some distance from the injection point, 
the character of the C,+ fraction in the liquid phase 
probably will not change by an appreciable amount 
during its approach to miscibility. It is true that the 
character of the intermediate fraction (ethane-butane) 
in the liquid phase will vary from an initial value equal 
to that in the reservoir fluid to something approaching 
that in the injection mixture when miscibility is finally 
achieved. However, if considerations are limited to the 


region close to the critical point and the associated limit-—_ 


ing tie line, the character of the intermediate fraction 
will be close to that of the injection mixure. Therefore, 
~a pseudo-ternary phase diagram (drawn using intermedi- 
ates of character equal to that of the injection mixture 


100, 
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and C,+ fractions having a character equal to that 


in the reservoir fluid) will have quantitative significance 


in the region of the critical point. 


A METHOD OF PREDICTION 


An examination of Fig. 2 reveals that the limiting 
tie line has a negative slope for each of the cases shown. 
The sign of the slope of this tie line is determined by 
the value of the equilibrium constants for the inter- 
mediates as the system approaches its critical composi- 
tion. If the equilibrium constants are less than one, the 
slope is negative; if they are greater than one, the slope 
is positive. For most typical reservoir-fluid and displac- 
ing-fluid compositions, the equilibrium constants for the 
combined intermediates will be less than one in this 
region for typical reservoir temperatures and pressures. 
This results in negative tie-line slopes. Individually, this 
is true for prcpane and butane in the range of tempera- 
tures to 250°F and pressures from 1,000 to 3,000 psi; 
however, it is not always true for ethane. At 1,000 psi, 
ethane will give a negative slope for the tie line for all 
temperatures below 100°F, while the tie-line slopes are 
negative at all temperatures below 250°F at 3,000 psi. 
However, most typical injection fluids will contain less 
than 75 per cent ethane so that this is not a serious 
limitation. 


These observations on the slope of the tie line serve 
as the basis for a relatively simple method for calculat- 
ing the conditions for miscibility. Assuming a tie line 
of infinite slope, the limiting injection-fluid composition 
for a miscible displacement may be determined at a 
certain reservoir temperature and pressure, knowing the 
mixture of methane, injection-fluid intermediates and 
reservoir fluid C,+ which gives a critical point at the 
reservoir temperatures and pressure. All fluids having 
an intermediates concentration equal to or greater than 
that of the critical composition are either immediately 
miscible or capable of becoming miscible with the res- 
ervoir fluid. Those containing fewer intermediates will 
be assumed incapable of achieving miscibility. It was 
explained in the previous section that, if the interme- 
diates fraction is assumed to have a character close to 
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that in the displacing mixture and the heavier Cs+ 
fraction has a character close to that in the reservoir 
fluid, the pseudo-ternary representation will be nearly 
exact in the region of the limiting tie line. The assump- 
tion of a vertical tie line is being used for this calcula- 
tion, while the light hydrocarbon components individu- 
ally exhibit negative limiting tie-line slopes for typical 
reservoir conditions, Therefore, this method of calcula- 
tion will give a conservative number for the maximum 
safe dilution of LPG with methane. 

The limiting, miscible, injection-fluid composition may 
be calculated by combining reservoir fluid with various 
mixtures of potential displacing-fluid LPG and methane 
in various proportions and calculating the critical tem- 
perature and pressure for those mixtures. Fig. 4 serves 
to illustrate the method using Reservoir Fluid E and 
mixtures of methane and propane. In this case, propane 
would represent the LPG available for dilution with 
methane as an injection fluid. The points on the diagram 
represent various mixtures of Reservoir Fluid E, pro- 
pane and methane. The temperatures and pressures given 
for each point represent the calculated critical tempera- 
ture and pressure for those compositions. Taking Point 
A as a specific example of the interpretation of these 
points, it represents a composition having a critical tem- 
perature of 164°F and a critical pressure of 2,837 psia 
and contains 38.5 per cent intermediates, predominantly 
propane. According to this method of calculating the 
conditions for miscibility, a mixture of 61.5 per cent or 
less methane with propane would give a miscible dis- 
placement of this reservoir fluid if the reservoir tem- 
perature is less than 164°F and if the pressure is greater 
than 2,837 psia. The points in the diagram may be 
cross-plotted to determine the miscibility conditions at 
other temperatures and pressures. 

It should be pointed out that the accuracy of this 
method is heavily dependent upon the accuracy of the 
critical pressure and temperature correlation used in 
the calculations. 
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CORRELATION 


Five reservoir fluids of different compositions were 
chosen for a study of the possibility of correlating the 
conditions for a miscible displacement as a function of 
reservoir-fluid properties, injection-fluid properties, res- 
ervoir temperature and pressure. Table 1 contains a 
complete analysis of each of these reservoir fluids. Per- 
haps the best measure of the differences in character of 
these fluids is the molecular weight of the C,+ fraction. 
This ranges from 182.6 for Reservoir Fluid A to 241 
for Reservoir Fluid E. 

The LPG’s or intermediates used in this study are 
listed in Table 2. The mixtures designated as 1, 2 and 
3 were used for the calculations with Reservoir Fluids 
A, B, D and E, while Mixtures 4, 5 and 6 were used 
for the calculations with Reservoir Fluid C. 


The procedure previously set forward was used for 
each series of calculations. The critical temperatures 
and pressures were calculated using the Kurata and 
Katz method” as modified by Davis, Bertuzzi, Gore and 
Kurata.” The results were cross-plotted to obtain the 
conditions for miscibility at even pressures for a given 
reservoir fluid and displacing fluid. The results for the 
different reservoir fluids and LPG’s were compared, and 
it became evident that the controlling variables in de- 
termining the miscibility conditions were temperature, 
pressure, reservoir-fluid C; + character and displacing- 
fluid C,+ character. 

The next problem considered was that of character- 
izing the C,+ fraction of reservoir fluids and the C,+ 
fraction of methane-LPG mixtures, Due to the limited 
results available as compared to the many variables re- 
quired for a rigorous characterization, the average mole- 
cular weight of these fractions was used for the correla- 
tion. Using this interpretation, the maximum permis- 
sible methane concentration in the displacing fluid for a 
miscible displacement of reservoir fluids has been cor- 


related as a function of (1) temperature, (2) pressure, 


(3) C.,+ molecular weight of the reservoir fluid and 
(4) C.+ molecular weight of the displacing fluid. 


The final correlation of results is given in Figs. 5 
through 16. These figures cover the range from 1,000 
to 3,000 psi, 70° to 260°F, reservoir fluids having C, + 
molecular weights from 180 to 240 and displacing fluid 
having C.+ molecular weights from 34 to 58.1. Due 
to the characterization of the C,+ fraction by molecular 
weight and to the use of mixtures of ethane with pro- 
pane and propane with butane for the calculations, the 
correlation may be applied only when the C.+ inter- 
mediates in the displacing fluid are composed princi- 
pally of ethane and propane or propane and butane; 
however, small amounts of butane can be tolerated with 
ethane and propane, small amounts of ethane can be 
tolerated with the propane and butane, and small 
amounts of other hydrocarbon substances such as would 
exist in a natural gas may be tolerated without sacrific- 
ing accuracy. The correlation should not be expected to 
apply for large amounts of non-hydrocarbon compon- 
ents in the displacing fluid. 

The dashed line in Fig. 5 represents the critical locus 
at 1,000 psi for various displacing-fluid C,+ compon- 
ents mixed with methane. Miscibility at temperatures 
below this dashed line is assured if the displacing fiuid 
is a saturated liquid. 

In general, the preferred method for using these 
charts to predict miscibility involves the following. 


1. Calculation of the reservoir-fluid or saturated res- 
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TABLE 1—PROPERTIES OF RESERVOIR FLUIDS USED IN STUDY 


A B 
Mol Per Cent 
CH, 12.93 48.96 
CoHe 4.18 
CsHs 7.04 1.98 
CaHi0 8.68 1.36 
CsHi2 7.01 1.40 
CeHis 6.72 1.36 
CiHie + 53.88 40.76 
MWCx + 209 211 
Density C7z+ 0.8400 0.848 
Reservoir Temperature, °F 144 182 
Reservoir Pressure, psia 682 3,206 
Pseudo-Ternary Components Composition 
CHz, mol per cent 12.93 48.96 
Ca-C4, mol per cent 19.46 7.52 
Cs+, mol per cent 67.61 43.52 
MWC2-4 47.6 38.8 
MWCs + 182.6 202.6 


Cc D E 
S912 46.59 15.77 
9.19 9.72 1.54 
4.55 6.46 2.20 
3.42 3.92 4.79 
Cs+ 23.72 4.36 
= 4.77 4.73 
<= 26.33 66.61 
Cs +220 258.7 263 
Cst+ 0.825 0.854 0.8511 
250 148 173 
4,000 3,440 1,128 
59.12 46.59 15.77 
17.16 20.10 8.53 
23.72 33.31 75.70 
39.4 40.0 49.4 
220 221.6 241 


TABLE 2—MIXTURES OF INTERMEDIATES USED IN STUDY 


Mol Per Cent 1 2 3 4* 5* 6* 
75 38.21 48.78 
CsHs 25 100 25.00 61.79 27.85 
CsHi0 75.00 23.37 100 

*Used only for calculations for Reservoir Fluid C. aa 


ervoir-liquid C,+ molecular weight MW,,. 

2. Calculation of the LPG C.+ molecular weight in 
the displacing fluid MW,,. 

3. Determination of the allowable methane content 
in the displacing mixture from the correlation chart for 
the reservoir temperature and pressure, reservoir-fluid 
pentane-plus molecular weight MW, and injection-fluid 
ethane-plus molecular weight MW,. 


For example, if the reservoir-fluid C;+ molecular 
_weight were 200, the LPG were pure propane of molec- 
ular weight 44, the reservoir temperature were 180°F 
and the reservoir pressure were 2,000 psi, then the maxi- 
mum methane allowed in the displacing fluid would be 
determined as 51.5 per cent (from Fig. 7). If the dis- 
oi placing fluid has this much or less methane, miscibility 
is assured. 


CORRELATION ACCURACY 


There are two general experimental methods which 
can be used to determine whether a certain injection 
fluid would miscibly displace a certain reservoir fluid. 
The first method involves carrying out displacement of 
the reservoir fluid from a long core using the potential 
injection mixture. If the recoveries are high (90 per_ 
cent or greater), miscibility is indicated; however, if 
the recovery is low, then the indication is that the 
injection fluid used did not miscibly displace the reser- 
voir fluid from the core. The second method involves 
carrying out injection, equilibration and displacement 
steps in the PVT cell to simulate the mechanism in- 
volved in obtaining miscibility between a reservoir fluid 
and a certain injection fluid during flow in a reservoir. 

There are some published data giving the results of 
core flooding studies which can be used to test the ac- 
curacy of the correlation presented in this report. A 
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paper by Stone and Crump” contains enough informa- 
tion about displacing fluids, displaced oil and displace- 
ment efficiency to be able to make a test of the reliabil- 
ity of the correlation. Table 3 contains pertinent com- 
positions and properties along with the per cent recovery 
obtained in a core displacement, The correlation indi- 
cates miscibility with composite gas, propane-rich gas, 
and ethane-rich gas and indicates something less than 
miscibility with separator gas and condensate gas. This 
correlates with recoveries of 91, 90 and 96 per cent 
obtained with the miscible systems, and 57 and 63 with 
the immiscible systems. 


A paper recently presented by Wilson™ also contains 
enough information concerning the conditions of the dis- 
placement so that the correlation may be tested. Table 
4 contains these- comparisons. The correspondence be- 
tween high recovery and a prediction of miscibility is 
good except for Run No. 6 where the recovery was 72 
per cent, although the correlation indicated that mis- 
cibility should have been obtained. 


The second method for determining miscibility which 
involves the use of a PVT method has been carried out 
using Reservoir Fluid E to check the accuracy of the 
prediction method and the generalized correlation. This 
test was carried out in the following manner so that the 
mechanism of displacement in a porous medium which 
produces miscibility was approximately duplicated in a 
PVT cell. Recombined reservoir fluid was placed in a 
visual PVT cell. If an initial gas phase existed at the 
test conditions, this was displaced from the cell at con- 
stant pressure. The system then was returned to its ori- 
ginal volume, repressured with the potential displacing 
mixture to the original test pressure, while being brought 
to equilibrium. If a gas phase existed after this step, the 
previous displacement, injection and equilibration steps 
were repeated until either the percentage gas stopped 
decreasing after injection or the liquid swelled to 100 
per cent. If the liquid swelled to 100 per cent, the sys- 
tem volume was increased before carrying out another 
step. This procedure was followed until either the liquid 
quit swelling after injection or the further injection of 
fluid at constant pressure did not result in formation of 
a gas phase to indicate the achievement of miscibility. 
This procedure forced the system in the cell to follow 


TABLE 3—MISCIBILITY CORRELATION APPLIED TO DISPLACEMENT DATA 
OF STONE AND CRUMP?8 


Mol Per 

Cent CHa 
Displacing Displacement Mol Wt. Mol Per Allowed for 
Fluid (Gas) Recovery C2+ Cent Miscibility Miscible 
Separator 57 38.1 83.0 57.5 No 
Condensate 63 48.9 67.4 63.8 No 
Composite 91 49.9 55.0 64.0 Yes 
Propane-Rich 90 42.7 55.9 60.0 Yes 
Ethane-Rich 96 30.8 PYLE 45.0 Yes 


Crude Oil: 47.5°API, MWCs+: 167 
Pressure: 2,000 psia 
Temperature: 128°F 
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close to the saturated-liquid curve on its pseudo-ternary 
diagram. The equilibrium gas phase, displaced from the 
cell in the earlier steps, was analyzed using gas chroma- 
tography and served as an indication of the progress 
across the ternary diagram. 

Four tests were run with Reservoir Fluid E at 1,500 
psia and 173°F and potential displacing mixtures of 
methane and propane. The conditions and results for 
these tests are listed in Table 5. 

The displaced-equilibrium gas phase analyses for each 
of these tests are given in Fig. 17, where they are plot- 
ted as a function of the relative amount of potential 
displacing mixture injected into the cell during the 
experiment. It will be noted that Test 4 shows that the 
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percentage methane in the displaced-equilibrium gas 
phase eventually drops below the percentage methane 
in the injected fluid. This is to be expected if the satur- 
ated-vapor-phase curve of the phase envelope pulls 
away from the 0 per cent C, + line as the critical point 
is approached. The correlation indicates that miscibility 
with Reservoir Fluid E should be obtained with a dis- 
placing mixture of 40 per cent methane with propane 
at 1,500 psia and 173°F. Miscibility was obtained using 
30 and 35 per cent methane with propane in Tests 1 
and 2, respectively, but was not obtained in Tests 3 and 
4 using 41.5 and 46 per cent methane with propane, 
respectively. In Test 3, miscibility in the cell was not 
achieved; however, the PV curves and the shape of the 
vapor-liquid interface at the time the test was stopped 
indicated that the system was close to the critical point. 


Knowing the original composition of Reservoir Fluid 
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TABLE 4—COMPARISON OF MISCIBILITY CORRELATION PREDICTION WITH ‘'WILSON’S''!4 CORE FLOODING RESULTS 


MWCes + in 


Per Cent in 


Run Reservoir Fluid Displacing Displacing Per Cent eels 
Per Cent Miscibili 

Cs Fluid Fluid Recovery Allowed 

39 60 27 

5 ° 
39 60 28 27 No 
4 39 60 32 27 No 
228 39 98 27 Yes 
216 43 42 45 36 No 
= 216 43 33 72 36 Yes 
216 44 21 100 36 Yes 


E along with the amount placed in the PVT cell, it was 
possible to calculate the over-all composition of fluid 
in the cell at any time along with the composition of 
the equilibrium vapor and liquid phases after each 
Stage. Fig. 18 contains a plot of the phase diagram ob- 
tained in a test in which the injection fluid was made 
up of 35 per cent methane and 65 per cent propane. It 
will be noted that the phase-boundary curves are quite 
smooth and that the tie lines have negative slopes. 


These properties of the phase diagram fulfill the basic — 


assumptions made in deriving the method for calculat- 
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TABLE 5—CONDITIONS FOR PVT DETERMINATION OF MISCIBILITY USING 
RESERVOIR FLUID E 


1 2 3 4 
Pressure, psia 1,500 1,500 1,500 1,500 
Temperature, °F 173 173 173 173 
Mol Per Cent Methane 
with Propane in 
Injected Fluid 30 35 41.5 46 
Miscibility? Yes Yes Not Quite No ~— 


ing the conditions for miscibility described in this paper. 


At this time, these PVT tests of miscibility indicate 
that the correlation is accurate to within 5 per cent for 
the condition studied. 


Recent unpublished data obtained on a reservoir fluid 
at 250°F using an injection fluid containing consider- 
able amounts of ethane indicate that under these condi- 
tions the assumption of a vertical tie line is in error. 
However, since the critical point usually lies close te 
the 0 per cent C,+ line, the error due to this discrep- 
ancy should not be extremely large. However, if the in- 
jection fluid does contain ethane and if the temperatures 
are relatively high, this effect should be taken into ac- 
count by using Jess methane than indicated by the cor- 
relation. 

It should be emphasized that the method of calcu- 
lation and the correlation included in this paper rep- 
resent a first approximation to the limiting conditions 
for miscibility. They should serve as a useful tool in 
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preliminary evaluation of the process. The basic method 
of calculation is based upon a limiting tie line of in- 
finite slope. This usually will result in a conservative 
number for the maximum permissible methane concen- 
tration in the injection fluid; but, under certain condi- 
tions such as high temperatures and the presence of 
ethane in the injection fluid, it can lead to a non-con- 
servative number. The calculation is based upon the ac- 
curacy of the critical pressure and temperature corre- 
lation used. Preliminary studies of the accuracy of the 
correlation, as given by published displacement and 
PVT studies, indicate that the correlation does give an- 
swers that are fairly reliable. A complete evaluation of 
this work can result only from published comparisons 
furnished by other people working in this research area. 


CONCLUSIONS 


The mechanism involved in creating a miscible dis- 
placement of typical reservoir fluids through porous me- 
dia by light hydrocarbon mixtures usually involves a 
number of mixing and separation stages. It is necessary 
to take these processes into account in making predic- 
tions of miscibility during a displacement involving the 
two fluids. If these complex mixtures are considered as 
pseudo-ternary mixtures of methane, intermediates 
(ethane, propane, and butane) and heavy components 
(pentanes and heavier), the mechanism for obtaining 
miscibility between reservoir fluid and various injected 
fluids may be shown. Pseudo-ternary representation is 
rigorous if the pseudo-components are completely char- 
acterized in one phase. Since the character of the pseu- 
do-components actually change during the displacement, 
it would be necessary to use a large number of con- 
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stant-pressure and temperature ternary diagrams to il- 
lustrate the complete process rigorously. However, in 
determining the limiting conditions for miscibility, the 
conditions close to the critical point are the important 
ones; nearly exact representation will be achieved by 
using a C,., intermediate fraction having a character of 
that in the injection mixture and a C,+ fraction of 
character equal to that in the reservoir fluid. 


The limiting tie line is defined as a straight line drawn 
tangent to the phase envelope in a ternary-composition 
diagram at the critical point. Miscibility will be achieved 
between a reservoir fluid and an injection fluid if the 
point representing the latter lies to the intermediate- 
component side of the limiting tie line. 

Typical reservoir fluids and injection mixtures give 
negative slopes for the limiting tie line. Knowing the 
critical composition for the reservoir pressure and tem- 
perature, a conservative figure for the maximum 
methane concentration allowed in the displacing injec- 
tion fluid is usually obtained by assuming that the mini- 
mum C.., intermediates allowed are equal to that ex- 
isting in the critical composition. This is equivalent to 
assuming a vertical, limiting tie line. 

The approximate conditions for miscibility for five 
different reservoir fluids were correlated using the reser- 
voir temperature and pressure, reservoir-fluid C;+ 
molecular weight, injection-fluid C.-C, molecular weight 
and the mentane concentration in the injection fluid. 
This correlation may be ‘used to predict the approxi- 
mate conditions for a miscible displacement of reservoir 
fluid by rich gas for temperature between 70°and 
260°F, pressures between 500 and 3,000 psia, reservoir- 
fluid C;+ molecular weights between 180 and 240 
and displacing-fluid C,+ molecular weight between 
34 and 58. The correlation was partially checked using 
published data. It also was checked using a stepwise 
determination of miscibility using a PVT cell. The 
correlation should be used with caution when the injec- 
tion fluid contains ethane. 


One general conclusion derived from the correla- 
tion is that miscibility between reservoir fluids and 
rich-gas injection fluids is favored by high pressures, 
low temperatures, light reservoir fluids and light hydro- 
carbon-displacing fluids rich in the heavier components. 

The calculation method and correlation should be 
extremely useful for the preliminary evaluation of field 
rich-gas miscible-displacement projects and should serve 
as a starting point for laboratory studies if desired. 


NOMENCLATURE 


MW, = average molecular weight of C,+ portion of 
reservoir fluid 

average molecular weight of C.., portion of in- 
jection fluid. 


MW, 


I 
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Design and Operation of Jet-Bit Programs 
For Maximum Hydraulic Horsepower, 
Impact Force or Jet Velocity 


JUNIOR MEMBER AIME 


ABSTRACT 


Several investigations in recent 
years have shown that drilling rates 
are increased significantly with in- 
creased hydraulic horsepower, But, 
there has been no over-all method of 
designing jet-bit programs that ef- 
ficiently uses the surface power. A 
study of present practices indicates 
that frequently as little as 50 per 
cent of the possible effects at the bit 
are used. 


Some observers have indicated that 
the best utilization of hydraulic 
horsepower (maximum effect on drill- 
ing rate) occurs when the bit hy- 
draulic horsepower is maximum; oth- 
ers have stated that jet impact force 
is more important, and others have 
believed that maximum jet velocity 
is required. Limited efforts to date 
have shown some optimum condi- 
tions for bit hydraulic horsepower 
and impact, but these conditions can- 
not exist during drilling of a large 
part of the hole and do not provide 
a basis for designing a complete jet- 
bit program. 

This paper shows the maximum 
obtainable bit horsepower, impact 
force and jet velocity at all depths, 
taking into account the limitations of 
the pump, piping, hole and minimum 
circulating rate for adequate cuttings 
removal. Ranges of operation are de- 
veloped; and flow rates, surface pres- 
sure and bit pressures are specified 
for each range to provide a maxi- 
mum of any one of the desired ef- 
fects. It also is shown that, by proper 


Original manuscript received in Society of 
Petroleum Engineers office July 18, 1959. Re- 
vised manuscript received March 28, 1960. 
Paper presented at 34th Annual Fall Meet- 
ing of SPE, Oct. 4-7, 1959, in Dallas. 
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selection of nozzle sizes and by fol- 
lowing the rules presented, the maxi- 
mum obtainable quantities can be ef- 
fectively utilized from surface to to- 
tal depth. 

Finally, a simple graphical meth- 
od of selecting nozzle sizes and flow 
rates is presented which can be used 
with familiar bit-company hydraulic 
tables and calculators to design jet- 
bit programs for maximum bit hy- 
draulic horsepower, impact or jet ve- 
locity, as desired. These programs 
make most effective use of the 
pumps. 

Heretofore, there was no method 
available for designing field tests 
which adequately separated the ef- 
fects of bit horsepower, impact and 
jet velocity. The programs and pro- 
cedures developed in the paper are 
dissimilar and, when used in future 
field testing, should demonstrate 
which program is the most impor- 
tant in obtaining the fastest drill- 
ing rate. 


INTRODUCTION 


During the past decade, rig hy- 
draulics has come into increasing 
prominence. There has been a defi- 
nite trend toward providing higher 
horsepower pumps, jet-type bits have 
had increased use, numerous inves- 
tigators~” have reported increased 


_ drilling rates as a result of increased 


hydraulics, and bit manufacturers 
have provided tables*™ and calcula- 
tors’ that are now commonly used 
to design jet-bit programs. 

Opinion has varied as to the hy- 
draulic quantity which has the great- 


‘References given at end of paper. 
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est effect on drilling rate. Papers and 
data have been presented that show 
pump horsepower,” bit hydraulic 
horsepower’ and jet impact force," 
each to be the most significant factor 
affecting drilling rate. Examination 
of jet-bit programs of the bit com- 
panies indicates emphasis on jet ve- 
locity. Only pump horsepower can 
be eliminated because it can be used 
to produce any one of the bit effects 
which, @ priori, must be more rele- 
vant factors. This contradictory state 
of opinion and practice regarding the 
bit effects is unfortunate, but sev- 
eral published references have been 
concerned with making one or an- 
other of the factors maximum; and, 
because these in each case have given 
results applicable to only intervals 
of the hole drilled, there seems to be 
ample reason to complete the pre- 
vious efforts. It also is believed that 
the differences in programs for each 
effect, where they exist, should be 
delineated so that future use may de- 
termine which hydraulic effect is the 
more relevant. 


It is the purpose of this paper to: 
(1) show the theoretical maximum 
bit hydraulic horsepower, jet impact 
force and jet velocity available at 
all depths, taking into consideration 
all necessary restrictions on operat- 
ing conditions; (2) illustrate proce- 
dures by which the maximum avail- 
able horsepower, impact force or 
velocity may be obtained; and (3) 
present a graphical method for rapid 
selection of jet-nozzle sizes and flow 
rates to be used with conventional 
procedures to design jet-bit programs 
for maximum bit horsepower, im- 
pact force or velocity as desired. 
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THE PROBLEM AND ITS 
THEORETICAL SOLUTION 


NATURE OF THE PROBLEM 


The hydraulic limitations in field 
use of a jet bit include the maximum 
pressure rating of the pump (P,,), 
the maximum flow rate available at 
the maximum pressure (Q,,), the 
maximum pressure (P,) at any flow 
rate (Q) that the pump can produce 
at maximum horsepower (K P,Q), 
the maximum flow rate of the pump 
(Q’,,), the minimum flow rate for 
adequate cuttings removal (Q,) and, 
at any one depth, the variation with 
flow rate of the pressure drop 
through the circulating system ex- 
cluding the bit (P,).* These may be 
conveniently represented on a plot of 
pressure vs flow rate, as has been 
done in Fig. 1.** 


It is evident from Fig. 1 that the 
maximum pressure available for use 
at the bit (P,) at any depth and flow 
rate (Q) is the difference between 
the surface pressure available (P, 
or P,) and the pressure drop through 
the circulating system (P,). 


From basic hydraulic concepts and 
as developed in the Appendixes, the 
bit hydraulic horsepower available at 
any flow rate is proportional to the 
bit pressure drop times the flow rate; 
the jet impact force available is 
proportional to the square root of 
the bit pressure drop times the flow 
rate; while the jet velocity is propor- 
tional to the square root of the bit 
pressure drop. 


Based on an analysis of the maxi- 
mum pump operating conditions and 
limitations shown in Fig. 1 and upon 
the statement in the preceding para- 


*The assumption is made that all flow 
is turbulent which may not be correct for an- 
nulus, but this is a small part of Pp and is 
little moment. 

**The PsQ curve should be a series of 
Broken steps for each liner but is drawn as 
a smooth curve for convenience. 


= MAX. BIT PRESSURE AVAILABLE 


Q MAX-FLOW RATE 
m AT MAX, PUMP PRESS! 


Qn = MAX. FLOW RATE PUMP 
m “GAN DELIVER 


| 

| Qq, MINIMUM FLOW RATE 
| DEPENDENT UPON 

| 

it 


PRESSURE (P) 


HOLE SIZE 


| 
| 
| 
| 


FLOW RATE (Q) 
Fic. 1—Ftow Rate vs PRESSURE FOR 
Pump anp Dritt STRINc. 


VOL. 219, 1960 


TABLE 1—SURFACE EQUIPMENT AND HYDRAULIC 
DATA FOR EXAMPLE PROBLEM 


Surface Equipment 


Pump: Rating: 850 hp 
Stroke Length: 18 in 
Strokes per Minute: 60 
Maximum Pressure: 2,95 

Standpipe: 4-in. ID X 45 ft 

Hose 3-in. ID X 55 ft 

Swivel 2%2-in. ID X 5 ft 

Kelly 3Y%-in. ID X 40 ft 

Drilling String 
Drill Pipe 16.60 Ib/ft, IF-TJ 
Drill Collars: 400 ft, 3-in. ID, 7-in. OD 
Other 


Minimum Annular Velocity: 


17%4-in. hole— 80 ft/min 

121%4-in. hole—120 ft/min 

834-in. hole—120 ft/min 
Drilling Fluid: 10.0 Ib/gal; low viscosity 


graph, it is possible to develop and 
specify sets of conditions under 
which maximum bit hydraulic horse- 
power, impact or jet velocity is avail- 
able. For purposes of illustrating the 
significance of the equations and to 
develop the technique involved in 
utilization of the maximum available 
bit hydraulic effects, a field problem 
is developed throughout the text. 
This problem is based upon the 
equipment and hole conditions of 
Tablet. 


MaxIMuM HyDRAULIC 
HORSEPOWER 


As stated, the hydraulic horsepow- 
er developed across the bit at any 
depth is proportional to the prod- 
uct of the bit pressure drop and the 
flow rate. From Fig. 1, it is seen 
that this is represented by the 
hatched areas. The bit pressure P, is 
discontinuous, having for its boun- 
dary P,, and P, when Q is less than 


Q,, and P, and P, when Q is greatet 
than QO,,. From the former case, it 
is shown in Appendix A (Eq. A2) 
that an optimum flow rate” exists at 
each depth and that the optimum bit 
pressure drop in this region is 0.66 
P,, (Eq.A3). 


When Q is greater than Q,, it is 
shown from Eqs. A5 and A6 that, at 
any depth, the bit horsepower de- 
creases as flow rate is increased. 


By applying these results to the 
field problem illustrated in Table 
1 and adding the restriction of mini- 
mum flow for adequate cuttings re- 
moval Q,, Fig. 2 was drawn. It is 
seen that, when Q, is greater than 
Q, (i.e., 12.25-in. hole), the maxi- 
mum bit hydraulic horsepower is ob- 
tainable by operating at the mini- 
mum flow rate. 


When the flow rate can be less 
than Q,,, for example in the 8.75-in. 
hole, the maximum bit horsepower is 
obtained by operating at Q,, for the 
first 10,000 ft. This interval has been 
designated as Range 1. During Range 
1, the bit pressure drop must steadily 
decrease with depth to allow more 
of the available pressure to be used 
by added pipe. 


Below this interval, optimum cir- 
culating rates can be established at 
flow rates less than Q,,. When P, has 
decreased in Range 1 to 0.66 Py, 
it marks the beginning of the opti- 
mum flow-rate interval, or Range 2. 
The bit pressure is held at 0.66 P,, 
throughout this range, and the opti- 
mum bit horsepower and flow rates 
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decrease with depth until the mini- 
mum circulation rate results. To con- 
tinue drilling, the flow rate must be 
held at QO, (8.75-in. hole), and P, 
again is sacrificed in favor of P, 
with increased depth. This has been 
called Range 3 and is similar in char- 
acter to Range 1. 


Appendix B (Eq. B2) indicates 
that, in Ranges 1 and 3 and when 
Q, is greater than Q, where the 
pump pressure and the flow rate are 
kept constant, the area of. the jet 
nozzles must increase as more pipe 
is added. When operating in Range 
2, Eq. B4 shows that, as depth in- 
creases, the area of the jet nozzles 
must decrease. From Eq. B3, the 
optimum flow rate also decreases 
with depth, causing a corresponding 
decrease in both bit and required 
sutface hydraulic horsepower. 


It was assumed in the discussion 
so far that the nozzle sizes could be 
continuously varied to utilize all 
available P,. By cross plotting the 
data for the 8.75-in. hole in Fig. 2 
and from calculations based on se- 
lecting the most appropriate nozzle 
sizes and operating conditions, it was 
possible to construct Fig. 3. This il- 
lustrates that complete utilization of 
the theoretical, maximum, available 
bit horsepower can be closely ap- 
proached. For comparison, the bit 
horsepower produced by use of a 
conventional jet program, based on 
minimum annular velocity of 120 ft/ 
min and 380 ft/sec jet velocity, is 
also shown. A gain of 175 per cent 
in bit horsepower is shown over the 
conventional program at shallow 
depths; though this gain decreases 
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with depth, it remains quite appre- 
ciable. 

The ranges and operating condi- 
tions for maximum bit horsepower 
are tabulated in Table 2. 


While the conditions for Range 2 
have previously been specified,*” the 
Operating conditions for Ranges 1 
and 3 have not been indicated here- 
tofore. 


MaAxIMuUM JET IMPACT 


Impact force has been presented 
as being proportional to the product 
of flow rate and jet velocity.* How- 
ever, it may also be expressed as a 
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function of the flow rate times the 
square root of the bit pressure. Ap- 
pendix C develops the conditions at 
which impact is theoretically maxi- 
mum. Fig. 4, based on Eq. C2, 
shows the variation of (QO P,°*) with 
flow rate and depth for the illustra- 
tive field conditions. 


For calculations of actual force, 
Fy = 173 OP 
where impact force F, is expressed 
in pounds, Q is in gallons per minute, 
p is in pounds per gallon, and P is 
in pounds per square inch. This value 
is based upon an orifice coefficient of 

0.95. 


It may be seen in Fig. 4 that the 
curves again break at Q,. “Opti- 
mum” flow rates exist for Q greater 
than or less than Q,,. It is shown in 
Appendix C that, when the pump is 
operating in the region of maximum 
or constant horsepower (Q greater 
than Q,,), the optimum flow rate oc- 
curs when the bit pressure is 74 per 
cent* of the maximum surface pres- 
sure available at that flow rate, P, 
(Eq. C13). When the pump is op- 
erating at maximum pressure P,, 
(Q less than Q,,), the optimum flow 
rate occurs when the bit pressure is 
49 per cent of the maximum surface 
pressure (Eq. C6). 


In the 17.5-in. hole (Fig. 4), the 
minimum annular circulating rate 
for the illustrative field conditions is 
equal to the maximum flow rate of 
the pump; the maximum jet impact 
available is at this flow rate. For the 
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TABLE 2— CONDITIONS FOR MAXIMUM BIT HORSEPOWER 


Qa > Qn Qa < Qu 
Depth Range Surface to T.D. 2 3 
Surface Pressure Ps Pm Pm Pm 
Flow Rate Qa Qn Qopt Qe 
Bit Pressure Po 0.66 Pm Po 
Drill-String Pressure* Ps — Py Pm—Po 0.34 Pm Pm—Pob 


*Includes pressure to circulate through surface equipment, drill pipe, collars and annulus. 


TABLE 3 — CONDITIONS FOR MAXIMUM JET IMPACT 


Qa > Qn 
Depth Range 1 2 3 
Surface Pressure Ps Ps Pe 
Flow Rate Q’m Qopt Qa 
Bit Pressure Po 0.74 Ps Po 


Drill-String Pressure* Ps — Pp 0.26 Ps 


Qa < Qn 
1 2 3 4 5 
Ps P, Pm Pm Pm 
Qopt Qn Qopt Qa 
Po 0.74 Ps Py 0.49 Pm Py 
Pe — Po 0.26 Ps Pm — Po 0.51 Pm Pm — Po 


*Includes pressure to circulate through surface equipment, drill pipe, collars and annulus. 


12.25-in. hole, Q, is less than Q’ and 


drilling should be commenced with 
Q=Q,” for maximum impact 
_ (Range 1); then, optimum flow rates 
with bit pressure equal to 74 per cent 
of the surface pressure should be 
followed, decreasing the optimum 
flow rate and increasing surface pres- 
sure at maximum horsepower until 
the minimum circulating rate is 
reached. This interval is designated 
as Range 2. The hole then is drilled 
-at the minimum annular flow rate. 


A similar analysis applies to the 
8.75-in. hole, or where Q, is less 
than Q,. Ranges 1 and 2 theoreti- 
-cally~could be followed; then, drill- 
ing should be’ continued at Q,, or 
Range 3. 


When the bit pressure has de- 
creased with depth to 0.49 P,,, the 
second optimum flow-rate range (or 
Range 4) is begun, wherein the bit 
pressure is held at 0.49 P,,. The flow 
rate is sacrificed with increased depth 
to maintain P, = 0.49 P,, until the 
minimum annular flow rate is 
reached. Range 5 is drilled at the 
minimum circulating rate, with the 
bit pressure sacrificed for increased 
drill-pipe length. 


It has been implied for maximum 
impact, as for maximum horsepower, 
the nozzles may be selected at all 
depths to utilize as nearly as prac- 
tical all the available bit pressure and 
to cause the pumps to be operated at 
maximum pressure (P,, or P,) at 
the specified flow rates. The operat- 
ing conditions for maximum impact 
are summarized in Table 3. Moore’ 
and Colebrook” previously showed 
that the bit pressure should be 74 per 
cent of surface pressure when the 
pump is operating at maximum 
horsepower. However, the authors 
have found no previous presentation 
of the conditions necessary (P, = 
0.49 P,,.) for maximum impact when 
the pump is operating at maximum 
surface pressure (Range 4), nor have 
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the operating conditions of Ranges 
1, 3 and 5S been previously presented. 


MAXIMUM JET VELOCITY 


Increasing jet velocity was found 
to increase drilling rate in early jet- 
bit studies’ and a test” in the Texas 
Gulf Coast showed drilling rate to 
be continuously increasing at veloci- 
ties as high as a seldom-attained 650 
ft/sec. The problem of designing pro- 
grams for maximum jet velocity is 
considered in Appendix D, the an- 


alysis being based on the fact that-— i 


the jet velocity is proportional to the 
square root of the bit pressure for a 
given-density fluid. Fig. 5 has been 
prepared from Eqs. D3 and D5 of 
Appendix D to show the variation of 
jet velocity with flow rate and depth 
for the selected field conditions. 


It may be seen that the velocity is 
a maximum when the flow rate is a 
minimum; thus, the flow rate chosen 
should always be the minimum an- 
nular flow rate Q,. Maximum ve- 
locity will be obtained by operating 
at Q,, irrespective of the size of the 
hole, and choosing the bit nozzles 


| | 


TABLE 4 — CONDITIONS FOR MAXIMUM JET— 
VELOCIT 


CITY 
Qa > Qn Qa<Qn 

Depth Range Surface to T.D. Surface to T.D. 
Surface Pressure Pm 
Flow Rate Qa Qa 
Bit Pressure Py Po 
Drill-String 


*Includes pressure to circulate through surface 
equipment, drill pipe, collars and annulus. 


which will utilize all the pressure 
differential between the drill-pipe 
pressure loss and maximum avail- 
able pump pressure at that flow rate. 


Table 4 summarizes the operating 
conditions of maximum jet velocity. 
It should be mentioned that, if 
the procedures prescribed with Ref. 
15 are followed, the resulting jet-bit 
program is clearly one of maximum 
jet velocity, although this seems to 
be frequently unrecognized. Other 
bit-company methods, and any pro- 
“grams designed with the minimum 
annular flow rate as a basis, tend: 
toward the same result but will not 
produce maximum jet velocity un- 
less maximum surface pressure is 
sed. 


PRACTICAL SOLUTION AND 
APPLICATIONS 


Having shown that maximum hy- 
draulic’ effects may be provided 
through judicious selection of oper- 
ating conditions, there remains the 
problem of designing and operating 
jet-bit programs which effectively 
utilize these effects. 


Because the discussion so far indi- 
cates that for maximum bit horse- 
power and jet velocity it is always de- 
sirable to operate at the maximum 
surface pressure possible (irrespec- 
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tive of the flow rate), it is suggested 
that the liner size in field use of jet- 
bit programs for these effects should 
always be the smallest that will pro- 
vide minimum annular velocity, re- 
gardless of whether maximum bit 
hydraulic horsepower or jet velocity 
is desired and regardless of depth. 


For maximum impact force, the 
liner size should be varied to cor- 
respond with the flow-rate require- 
ments of Ranges 1 and 2. This would 
necessitate using all possible liner 
changes while drilling Range 2 and 
would be clearly impractical. It may 
be noted in Range 1 that so littie 
depth interval is involved as to be 
ignorable, and the impact curves in 
Range 2 are relatively flat. Little 
could be lost by beginning drilling 
at QO, when Q, is larger than Q,, 
(i.e., 12.25-in. hole) and at Q,, when 
is less than Q,,. (i.e.,. 8.75-in. 
hole). This indicates that, for prac- 
tical purposes, Ranges 1 and 2 may 
be ignored. If done, the liner to use 
would again be the smallest that will 
give minimum annular flow rate, as 
for maximum jet velocity and bit 
horsepower. 


For the selection of nozzle sizes, 
bit pressures and flow rates upon 
which design of the jet-bit programs 
is based, a bit-nozzle chart has been 
prepared. This was done by plotting 
pressure vs flow rate on log-log paper 
for each nozzle combination. The 
chart is based on a 10 Ib/gal mud, 
with the nozzles having an orifice 
coefficient of 0.95. Hydraulic horse- 
power and jet velocity are also 
shown, 

‘Fig. 6 is such a chart, and in- 
cluded with this paper is a duplicate 
chart (Fig. 9) drawn to a larger 
scale and intended for practical use. 
Lines drawn on this chart to repre- 
sent the necessary operating condi- 
tions of Tables 2, 3 and 4 indicate 
nozzle sizes, flow rates, surface pres- 
sure and bit pressures for the pro- 
grams. 


Bir HypDRAULIC HORSEPOWER 


1. Lines la, 1b and Ic of Fig. 6 
are drawn to represent the flow rates 
required for minimum annular ve- 
locity (Q.) in the different-sized 
holes to be drilled. 

2. A resume of the pump operat- 
ing characteristics will provide data 
for the following lines: (a) Line 2, 
the pressure rating of the smallest 
liner P,,; (b) Line 3, the maxi- 
mum flow rate of the smallest liner 
Q,; and (c) Line 4, the maximum 
pump horsepower line, obtainable by 
connecting the maximum pressure- 
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flow rate ratings of all liner sizes 

3. If any of the Q, lines intersect 
Line 4 (Q, greater than Q,,), the 
flow rate for drilling this hole will 
always be Q, and the surface pres- 
sure will be the pressure rating of 
the smallest liner that will give Q.. 
The nozzle sizes to be used start with 
the smallest-size combination along 
the Q, line below the intersection 
with Line 4, and succeeding nozzles 
are selected in order along Q,. The 
intersection points indicate the pres- 
sure drop for the nozzle combination 
at the flow rate Q,. 


4. If the Q, lines intersect Line 
2, all drilling will be done with sur- 
face pressure at P,,, and it is neces- 
sary to draw Line 5S at 0.66 Py. 
Initially (Range 1), the flow rate will 
be Q,,; the first nozzle size is the one 
intersecting Q,, just below Line 2, 
and intersecting nozzle sizes down to 
Line 5 are used in order. Succeed- 
ing nozzle sizes in Range 2 are in- 
dicated by the intersections of noz- 
zle-size lines with Line 5. These in- 
tersections also indicate the optimum 
flow rates** to be used with the noz- 
zle sizes while the bit pressure is 
held at 0.66 P,,, and the nozzle sizes 
decrease with depth. At the mini- 
mum flow-rate line (Range 3), the 
nozzle sizes again must increase with 
depth, the flow rate is maintained at 
Q. and the bit pressure is indicated 
hy the intersection of the nozzle-size 
1ines and Q,. 


The pressure available to be used 


*If it is considered desirable to avoid a 
small overloading of the pumps, the line 
should be drawn step-wise to show the exact 
values of rated Ps vs Q. 


by the surface connections, drill col- 
lars and added drill pipe is obtained 
for each nozzle size by subtracting 


the bit pressure from the surface 


pressure. Knowing this pressure and 


the flow rate for the nozzle and by 


use of bit-company methods now fa- 
miliar to the industry, the depth to 
which each nozzle size can be used 
without exceeding pump capabilities 
can be determined. 


It is suggested that a graph be 
prepared for rig use showing nozzle 
sizes, mud density, surface pressures 
and pump speed or flow rate vs 
depth. 


IMPACT FORCE 


If Q, is greater than Q,,, the pro- 
cedure is identical to that of select- 
ing nozzle sizes for maximum hy- 
draulic horsepower. The operating 
flow rate is always at Q,. When Q, 
is less than Q,, Line 6 is drawn at 
O49 line eat 18 
not used. The method of nozzle se- 
lection is carried out as before. Note 
that only three ranges are used, Im- 
pact Ranges 1 and 2 having been 
dropped from consideration for rea- 
sons previously discussed. 

If it is desired to take advantage 
of the increase in impact possible in 
Range 2, a line could be drawn at 
0.74 P, to indicate the nozzle sizes, 
optimum flow rates and bit pressures 
to be used, but some method of 
averaging would have to be applied 
to avoid the many liner changes 
necessary. The reader is referred to 
Ref. 2 for one approach applicable 
to Range 2. It is pointed out that 
utilization of Range 2 would not 
greatly increase impact, but it would 
emphasize flow rate and sacrifice jet 
velocity at near the same impact 
level. 


JET VELOCITY 


Irrespective of the value of Q,, 
whether it is greater than or less 
than Q,, the operating flow rate 
is always at Q,. Therefore, only Q, 
lines need be drawn. The first noz- 
Zle selected along each Q, line is the 
one having the maximum possible 
bit pressure. Larger nozzles are se- 
lected in turn along the line, and 
the determination of depth of use is 
the same as before. 


EFFECT OF DENSITY ON 
SELECTION OF NOZZLES 


For convenience, the bit chart was 
designed for use with a 10.0-Ilb/gal 
mud. Corrections for the position of 


**That optimum flow rates can be ex- 
pee in terms of nozzle size is shown by 
a. 
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the nozzle lines at other densities 
are in order. However, use of a dif- 
ferent chart for each possible density 
would be unwieldly, and a simpler 
method is suggested. By applying a 


10 
simple correction factor — (where 
p 


p is the actual mud density in use) 
to the values of P,,, 0.66 P,,, 0.49 
P, and the value of P, (the pres- 
sure rating of the liner in this in- 
stance when the flow rate is greater 
than Q,,), new lines may be drawn 
on the chart (Eqs. El to ES of Ap- 
pendix E). The nozzle lines and all 
other construction lines now may be 
used as before without further cor- 
rection. When the pressure available 
for use of the circulating system is 
~ determined for each nozzle, the depth 
at which the nozzle can be used is 
determined on the assumption that a 
10.0-lb/gal mud is in use. As the bit- 
company tables and calculators are 
also based on 10.0-lb/gal density, 
this allows the solution for depth to 
be made without the usual correction 
of pressure drop of each component 
in the drill string for density. It is 
pointed out that pressures used for 
the component parts at a density 
other than 10.0 1b/gal are not the ac- 
_twal-pressures but, instead, are 
pseudo-pressures used as a tool for 
simplifying the procedure. 


Mopus OPERANDI 


The depths determined for each 
nozzle are the depths at which the 
pump capabilities are completely util- 
ized. This would indicate that further 
drilling with the nozzle is impossible 
without exceeding pump rating. 


However, when the flow rate is 
greater than Q,, the nozzle may be 
used at its determined depth and be- 
low by maintaining the surface pres- 
sure at the specified maximum val- 
ues and by allowing the flow rate to 
decrease as drill pipe is added. This 
relieves the rig crew of the neces- 
sity of controlling flow rate, and all 
the driller need be concerned with 
after adding each joint is to increase 
flow rate until the pressure gauge 
reads the value of P,, or P,, aS ap- 
propriate. Flow then is adjusted au- 
tomatically and the pump rating is 
not exceeded. 


When the specified flow rate is Q,, 
it cannot be allowed to decrease and 
it is suggested that the nozzle sizes 
used be one size larger than called 
for by the program developed using 
the methods so far presented. The 
driller still can follow the simple rule 
of always increasing the pump speed 
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until the circulating pressure equals 
the maximum pressure for the liner 
used; the greater flow rate will com- 
pensate largely for losses caused by 
the larger nozzle. By this system, a 
larger nozzle will be specified in the 
program before the flow rate de- 
creases below Q,. 


High-pressure operation is the key 
to providing maximum utilization of 
the available surface hydraulic horse- 
power. That this results in higher 
pump-maintenance costs is recog- 
nized, but maximum results are ob- 
tainable only. in this way. If it is 
felt that the pump must be operated 
at less than maximum pressure, this 
value should be substituted for P,, 
and the methods presented are still 
applicable. 


It also is suggested that the pre- 
pared bit programs include every 
possible nozzle size, and combination 
thereof, indicated on the bit charts. 
This will require field changes of 
nozzle inserts. Although the bits 
usually will not be pulled until dull 
(and this may cause some specified 
sizes not to be used), the nozzle Size-_ 
depth chart prepared will indicate 
the best choice at any time the bit is 
pulled and the change in size be- 
comes possible. 


EFFECT OF COMPOUNDING PUMPS 
Compounding of pumps to gain 
greater bit hydraulic effects is indi- 
cated and the possibilities of in- 
creased bit horsepower are illustrated 
in Figs. 7 and 8 for both parallel and 
series arrangements. The figures are 


based on the same illustrative condi- _ 
tions, equipment and methods hereto- 
fore used, except that two identical 
850-hp pumps are used. 


Figs. 7 and 8 also may be inter- 
preted to show the relative impor- 
tance of providing high operating 
pressures in pumps as compared to 


providing increased flow rate or 


horsepower, because this is similar 
to operating pumps in series vs 
parallel. 


While the advantages of com- 
pounding the pumps in series may 
be clearly seen, the practical limi- 
tations must be recognized. A prac- 
tical method of compounding power 
pumps in series at high pressures 
and flow rates is not commonly avail- 
able—although highly desirable for 
the objective of maximum utiliza- 
tion. The use of pumps in parallel 
is common and can be done for 
maximum bit effects. 


The representation of the com- 
bined capabilities of compounded 
pumps on the bit-nozzle chart (Fig. 
9) to devise a jet program is fairly 


— simple, and this is left to the reader. 


If the pumps are not identical, the 
maximum pressure of the lowest- 
pressure pump cannot be exceeded. 


COMPARISON OF BIT 
HYDRAULIC EFFECTS 

From previous discussion it is seen 
that, if the minimum circulating rate 
is greater than Q,, the surface and 
bit operating conditions are the same 
for maximum bit horsepower, jet ve- 
locity and, for practical purposes, 
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impact; the effects are indistinguish- 
able. This also is true when all three 
programs are at Q,, or at Q,. 


When the minimum flow rate is 
less than Q,, separation of the ef- 
fects is possible. For maximum bit 
horsepower and maximum impact, 
the initial drilling is at Q, and there 
is no difference in operation until 
the bit pressure has decreased to 
0.66 P,,. Here, the operating condi- 
tions for maximum bit horsepower 
and impact diverge. This would be- 
gin at about 1,500 ft for parallel 
pumps and at about 8,000 ft with a 
single pump for the field conditions 
studied, and a difference would con- 
tinue to any reasonable total depth. 
During drilling in the optimum flow- 
rate ranges, there is a small constant 
difference at the same depths be- 
tween the maximum bit horsepower 
and the horsepower at maximum im- 
pact, but a greater difference be- 
tween the flow rates, bit pressures 
and jet velocities. 


It is shown in Appendix F (Eq. 
F5) that, at maximum bit hydraulic 
horsepower, the bit horsepower is 
8.5 per cent greater than when oper- 
ating for maximum impact. Also, it 
can be shown that the bit pressure 
is 34.7 per cent greater, the flow rate 
is 19.5 per cent less and the jet ve- 
locity is 14.3 per cent greater. At the 
maximum impact conditions, the im- 
pact is 7 per cent greater than at 
maximum horsepower (Eq. F6). 


Comparing the conditions at maxi- 
mum jet velocity with those of either 
maximum impact or bit hydraulic 
horsepower in the 8.75-in. hole shows 
that the differences in bit effects may 
be large. This difference will vary 
with depth and, for other field prob- 
lems, with the difference between QO, 
and Q,,. Use of parallel pumps will 
increase the difference, and a differ- 
ence exists for the field conditions 
studied from surface to 22,000 ft. At 
6,000 ft, the flow rates for the one 
pump would be 275 gals/min at 
maximum jet velocity and 419 gals/ 
min for maximum horsepower, a dif- 
ference of 52 per cent. If the pumps 
are paralleled, the difference is 205 
per cent. The difference in jet ve- 
locity would be approximately 15 to 
20 per cent for the single pump but 
several hundred per cent for paral- 
leled pumps. 


It was previously indicated that, 
for maximum jet velocity, flow rate 
must be sacrificed and maintained 
at the minimum acceptable value for 
adequate cuttings removal. Bit hy- 
draulic horsepower js proportional to 
Q V’, and impact force is propor- 
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tional to the product, QV. These 
statements indicate that, compara- 
tively speaking, maximum jet ve- 


locity emphasizes jet velocity at the 
expense of flow rate, maximum im- 
pact force emphasizes flow rate at 
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some sacrifice of jet velocity, and 
bit hydraulic horsepower is interme- 
diate. The question seems to be 
whether jet velocity or flow rate 
should be emphasized, or whether 
the intermediate values of QO and V 
at maximum bit hydraulic horse- 
power are better. 


It was shown in early drag jet-bit 
studies”* that drilling rate increases 
with both flow rate and jet velocity, 
but the data indicate that velocity had 
the greater effect. This would tend to 
favor hydraulic horsepower or jet- 
velocity programs over impact, and 
one reference shows an excellent cor- 
relation between drilling rate and 
bit horsepower. Yet, another shows 
correlation with impact.* Undoub- 
__tedly, the bit-company design meth- 
ods emphasizing jet velocity have in- 
creased drilling rate in many wells. 
The problem of which approach is 
best apparently still is a controversial 
one. 


However, it would seem that the 
differences between programs are 
large enough to offer a strong possi- 
bility of being significant. 


CONCLUSIONS 


To obtain maximum use of the 

pumps for bit hydraulic horsepower 
and jet velocity, the smallest liner 
that will provide adequate annular 
velocity must be used. Neglecting a 
possible small improvement at greater 
flow rates, the smallest liner provid- 
ing adequate annular velocity should 
be used for maximum jet impact. 


2. To obtain maximum bit hy- 
draulic effects, the jet nozzles should, 
in combination with the remainder 
of the circulating system, cause the 
pump to be loaded to the rated liner 
pressure. 

3. When the flow rate for mini- 
mum annular velocity is greater than 
the maximum flow rate of the small- 
est liner and ruling out procedures 
which would involve numerous liner 
changes, there is no difference in op- 
erating conditions for maximum bit 
hydraulic horsepower, impact force 
or jet velocity; maximum bit hydrau- 
lic effects are obtained by operating 
always at the flow rate for minimum 
annular velocity. 

4. When the flow rate for mini- 
mum annular velocity is less than 
the maximum flow rate of the small- 
est liner, there is a choice of oper- 
ating conditions to provide either 
maximum bit hydraulic horsepower, 
impact or jet velocity. 

a. For maximum bit hydraulic 
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horsepower, the flow rate should be 
the maximum rate of the smallest 
liner until a depth is reached at 
which the bit pressure is 66 per cent 
of the surface pressure; then, the 
flow rate should be decreased with 
depth while the bit pressure is held 
at 66 per cent of the surface pres- 
sure until the flow rate for minimum 
annular velocity is attained. The lat- 
ter flow rate then should be main- 
tained to total depth. 


b. For maximum jet impact force, 
the flow rates are identical to those 
in Conclusion 4a, except the bit pres- 
sure is held at 49 per cent of the 
surface pressure in the optimum bit 
pressure range. 


c. For maximum jet velocity, the 
flow rate is always that which pro- 
vides minimum annular velocity. 


5. If maximum bit hydraulic ef- 
fects are to be obtained, the nozzle 
sizes must be selected as appropriate 
to the surface pressure and flow-rate 
requirements expressed previously, 
and there is a simple graphical meth- 
od of doing so. 


6. There is a need to determine 


through continued field experimenta- 
tion which bit hydraulic program has 
the greatest effect on drilling rate. 

7. There is a decided advantage 
to compounding pumps for maxi- 
mum bit hydraulic effects, and the 
nozzle sizes and operating conditions 
necessary may be selected graphic- 
ally in a manner similar to the 
method described. 

8. The importance of high-pres- 
sure operation for maximum bit hy- 
draulic effects is evident; because 
pump maintenance is a problem un- 
der such conditions, there is a need 
for pumps that will operate continu- 
ously at high pressures without un- 
due maintenance. 


NOMENCLATURE 


P = pressure 
P,, = maximum surface pressure 
available (pressure rating 
_of the smallest liner) 
flow rate 
maximum flow rate of 
smallest liner at P,, 
Q’ = maximum flow rate of larg- 
est liner 
P, = maximum pressure avail- 
able at any flow rate, O 
varying between Q,, and 
KC = maximum surface hydrau- 
lic horsepower available 
such that P,Q = C, for Q 
varying between Q,, and 


Q’. being a constant — - 


of multiplication for unit 
conversion 

Q, = minimum flow rate neces- 
sary to produce minimum 
annular velocity; deter- 
mined by hole size, drill 
pipe and field conditions; 
Q, may have any value, 
as indicated by Qu, Qu, 

P, = pressure drop in the entire 
drill stem, such that P, 
= K,Q"; K, is determined 
by the mud density, hole 
size, size of drill pipe and 
drill collars, surface con- 
nections and depth; n is 
approximately 1.9 if all 
flow is assumed turbu- 
lent 

d = depth of hole 

k, = pressure drop of the drill 
stem per unit length and 
unit flow rate, such that 
K, = dk, 

P, = pressure drop across the bit, 
such that = 
or P, = P, — P,, depend- 
ing on whether Q is less 
than or greater than Q,, 

K, = pressure drop across the bit 
per unit flow rate, such 
that P, = K,Q’, where K, 
is dependent upon the 
mud density, nozzle area 
and orifice coefficient 

A =total area of bit nozzles, 
such that K, = k,A~* 

HP, = hydraulic horsepower of the 
nozzles at any flow rate, 
such that HP, = K P,Q 

HP, = available surface horsepow- 
er at any flow rate, such 
that HP. — 
HP, = KC, depending 
upon whether Q < or> 
Qn 

F, = impact force of jet 

K, = conversion constant for jet, 
such that F, = K,Q P;” 


surface impact force avail- 
able from the pump, such 
that F, = K,Q P*° or F, 
= K,Q P*’, depending 
upon whether Q < or 
> On 

velocity of jet stream, such 
that V = Q/A 


Il 
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APPENDIX B 


RELATION BETWEEN DEPTH, NOZZLE 
SIZE AND FLOW RATES 


P, = Py (B1) 
= + K,Q*’ 
= + k,a@Q’° (B2) 
Also, 
Pp = 2.9 K, kd (B3) 
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where W is the mass flow rate of liquid, a is the ac- 
celeration, and g is the constant of gravity. V; — V, is 
the change in jet velocity normal to the surface in 
time t. 


Assume 
Ww pQ pV’ 
Vz = 0; — = = = 
2 t pQ Ke 
hence, 
V = K’ P,’* where p is constant. 
Therefore, 
F, — = K; (C2) 
CasE 1 


(0<Q<Q,; Pn = constant) 
K,Q = K,O(P, — 
= —'K,Q"*)** = Ki(P.0' — _K,0")* 


d(F,) K,(2P,,.0 — 3.9 
9 
hence, 
0.53 
Om = (C7) 
F,= K; OP, (C8) 
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(E1) 


where pl = standard density of K, and K,, and 
p2 = actual density. 


Therefore, 


op 


pl 
= (jet impact) 


(E3) 


At optimum flow rates, 
ph 
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The significance of a set of rules 
aimed at maximizing either the ve- 
locity, the impact or the power of 
the jets at the nozzle exits depends 
on whether or not these quantities 
are valid as criteria for optimum util- 
ization of the rig’s hydraulic sys- 
tem and, if so, whether or not it is 
possible to select from these quanti- 
ties the proper one for given operat- 
ing conditions. 


Some evidence for the validity of 
the assumption that velocity, impact 
and power may be critical quantities 
in jet-bit hydraulics is found in the 
literature on the subject. The data 
show that the drilling rate often in- 
creases if any one of these quanti- 
ties is increased and that it may 
reach a maximum coinciding with 
the maximum of the velocity, im- 
pact or power, depending on the 
conditions under which the experi- 
ments are performed. This last qual- 
ification is important; its omission 
has led to the erroneous conclusion 
that velocity, or impact or power 
should be “the criterion”. It is easy 
to show, however, that none of the 
three quantities can lay claim to 
this title. Suppose, for instance, that 
the power of the jet were “the cri- 
terion”. This would imply that a 
larger power is always preferable 
to a smaller power, irrespective of 
the manner in which this power is 
made available. The power is pro- 
portional to AV’, where A is the 
total area of the nozzles and V is 
the velocity of the jet at the nozzle 
exits. AV* could be held constant for 
two different sets of nozzles of dif- 
ferent areas by adjusting the velocity. 
If one such set of nozzles had ex- 
tremely small diameters, it would be 
illogical to assume that the jets is- 
suing from these ‘small nozzles 
would affect the drilling rate in ex- 
actly the same way as would jets of 
larger diameter. Hence, the power 
criterion cannot be valid for all noz- 
zle sizes. The general validity of the 
velocity and impact criteria can be 
disproved by the same reasoning. 
The term “extremely small diameter” 
is used loosely, as an illustration. It 
does not signify that such nozzles 
would be outside the range of prac- 
tical interest. (Ref. 10 shows an ex- 
ample where the drilling rate de- 
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creased as the nozzles were de- 
creased from 3 X 9/16-in. to 3 X 
14-in, even though the power was 
increased. ) 

A general idea of the actual cri- 
terion, which also puts the velocity, 
impact and power “criteria” in their 
proper place, may be formed from 
a study of the role of the jets in the 
drilling mechanism. 


Consider a drilling system where 
the jet velocity and the total area 
of the nozzles are the only inde- 
pendent variables. If it is conceded 
that the jets affect the drilling solely 
by their capacity to control the ac- 
cumulation of drilled particles at the 
bottom of the hole and on the bit 
teeth, the work required for the 
removal of these drilled particles has 
to be supplied by the kinetic energy 
of the jets. To minimize the accumu- 
lation and, thus, improve the pene- 
tration of the bit in virgin rock, the 
cuttings have to be removed rapidly. 
For rapid removal, the work has to 
be done at a fast rate; hence, ade- 
quate power should be available for 
this purpose. Therefore, it would ap- 
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pear that the quantity to be maxi- 
mized is the power of the jets; but, 
as shown previously, power alone 
cannot be the complete criterion. 
The power also should be distributed 
effectively, in such a way that a max- 
imum fraction of it is used directly 
for the removal of the cuttings. This 
optimum condition obviously will ex- 
ist for one specific nozzle size, and 
it may be expected to vary with the 
power of the jets. Therefore, the 
quantity to be maximized is not just 
the power but, rather, is a function 
of the power and the nozzle area. 
The general shape of this function 
(z) can be determined from the 
knowledge that it must approach 
zero for small nozzles, reach a maxi- 
mum at a larger nozzle size and then 
decrease as the nozzle size increases 
(Fig. D1). As, for a constant nozzle 
size, an increase in power will always 
produce an increase in z, it follows 
that curves for constant power do 
not intersect (except at the origin). 

The z-function, which might be 
called-a generalized power criterion, 
contains the velocity, impact and 
power “criteria”. To demonstrate 
this, write these three as special 
forms of the generalized power cri- 
terion, The “velocity criterion” be- 
comes z = V = (HP/A)”™, the “im- 
pact criterion” z= AV’ = HP**A” 
and the “power criterion” z = HP. 
These various “criteria” have been 
plotted in Fig. D2, and it becomes 
evident why different “criteria” seem 
to govern the problem of jet-bit hy- 
draulics.* At small nozzle sizes, the 
actual criterion may appear to the 
experimenter as a “velocity criter- 
ion”, for intermediate nozzles as a 


*In both figures, HP3>HP2>HP,. 
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“power criterion”, and for larger noz- 
zles as an “impact criterion”. 


Although actual z-curves could be 
plotted by varying nozzle sizes at 
constant power, such curves would 
be of little practical value because 
they would only be valid for the con- 
ditions under which the experiment 
was performed. Changing rotary 
speed, bit size, bit type or other drill- 
ing variables would change the flow 
pattern beneath the bit and, hence, 
the drill-cutting removal. For in- 
stance, if two series of experiments 
were made at different rotary speeds 


then, for the same range of nozzle 
sizes and the same power, z could 
increase with nozzle size in one series 
of experiments and decrease in the 
other. To the investigator, it would 
appear that the “impact criterion” 
was valid in the first, and the “ve- 
locity criterion” in the second case. 


Considering the complexity of the 
problem and the unreliability of “cri- 
teria” suggested in the literature 
(none of which could be valid for 
any one well), it seems that, at the 
present time, the best advice to be 
given to the operator faced with 


the problem of designing a jet-bit 
program is that he should maximize 
pump pressure or pump power — 
no matter what the rate of circula- 
tion and the jet velocity may be. In 
the actual choice of the rate of cir- 
culation, which then determines the 
jet velocity, he should be guided by 
the drilling progress observed at the _ 
well. The flexibility of such a pro- 
gram would give him a chance to 
take maximum advantage of the rig’s 
hydraulic system, a chance he would 
forfeit had his program been based 
on a velocity, impact or power “cri- 
terion”. 


AUTHORS’ REPLY TO H. D. OUTMANS 


H. D. Outmans’ questioning of 
the validity of velocity, impact and 
power as critical quantities is well 
founded, illuminating and worthy of 
discussion. The first papers®’ on jet- 
bit usage showed increasing drilling 
rate with increasing flow rate at con- 


Stant jet velocity. Drilling rate also 


increased with increasing jet velocity 
at constant flow rate, jet velocity hav- 
ing the larger effect.* The two var- 
jables studied are fundamental, and 


these statements still constitute the 


best bases for jet-bit program de- 
sign. It should be noted that the 
statements do not infer an increase 
in drilling rate with an increase of 
one variable if the other is decreased. 
It is generally accepted that increas- 
ing jet velocity is of little value be- 
low 200 ft/sec, and it readily can be 


*All at maximum effective bit weight. 
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reasoned that very high jet velocities 
would be of little value at very low 
flow rates. Therefore, it is not at all 
unreasonable to expect that, at some 
values of V and Q, drilling rate 
would be less than at others, even 
though power or impact were held 
constant or even increased! Speer” 
apparently found such a case, al- 
though the preponderance of data in- 
dicates an increase in drilling rate 
whenever power’*” or impact””* is 
increased in the range of velocity 
and flow rate producible on rigs. As 
Outmans indicated, each of the cri- 
teria may appear to be correct, de- 
pending upon the conditions of the 
experiment; but, from a field-use 
view, the question is not the over-all 
validity of the criteria but, instead 
whether or not correlation exists in 
the range of flow and velocity pro- 
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ducible under field restrictions —a 
possibility illustrated in his analysis. 


The use of impact factor (QV) 
originated’? not from fundamental 
considerations but, rather, from the 
need to take advantage of the effects 
of both increased flow and velocity 
on drilling rate in jet-bit programs. 
Use of the factor allowed maximiza- 
tion under the rig conditions of lim- 
ited pump capability where increases 
in the variables can only be produced 
at the expense of energy loss in the 
circulating system. Use of a power 


factor (QV’) serves the same pur- 


pose. Use of a velocity criterion al- 
lows maximization of velocity at con- 
stant, minimum annular flow rate. 
It would be possible also to maxi- 
mize velocity at any other selected 
flow rate. There appears to be no 
reason, from a design viewpoint, of 
volunteering reductions in Q and/or 
V below the limited values obtain- 
able under field restrictions, and this 
is an inevitable result of attempts to 
use jet bits without selection of some 
arbitrary criterion upon which to 
base pump loading. 


For example, take the suggestion 
of the discussor, wherein either 
pump pressure or power would be 
maximized and flow rate varied un- 
til the maximum drilling rate was 
found. The pump could be loaded 
only by selecting one nozzle size, 
producing loading at some arbitrar- 
ily selected flow rate. Flow rate could 
not be increased without increased 
power and pump overloading; and, 
if flow rate were decreased, jet ve- 
locity and flow rate would be rapidly 
reduced. Probably the fastest drill- 
ing rate would occur at the arbitrar- 
ily selected flow rate. 


Therefore, program design in- 
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cludes the necessity of incorporat- 
ing arbitrary criterion; until the role 
of hydraulics in cutting is better un- 
derstood, programs will need to be 
designed accordingly. 

It may be of interest to some to 
point out that, comparatively, maxi- 
mum-impact (QV) programs em- 
phasize flow, maximum-velocity pro- 
grams produce maximum velocity 
under the restriction of minimum 
annular flow, and maximum bit- 
power (QV*) programs place inter- 
mediate emphasis on velocity and 
flow. This represents a range of em- 
phasis that can be field-tested if 
pumps are operating in the constant- 
pressure region; however, it was in- 
tended to show in the paper that, in 
the constant-horsepower region of 
pump operations, this largely loses 
significance and that the same pro- 
grams tend to result from each de- 
sign objective. It is conceivable that 
with one set of rig equipment or 
conditions one program will appear 


best, and another will be best under 
other conditions. The authors did 
not intend to present a brief for any 
or all of the programs; but, because 
of the extensive but incomplete ef- 
forts of others to maximize the cri- 
teria and utilize pump horsepower, 
it was felt that it would be valuable 
to show how this could be done com- 
pletely. 

Fig. 1A shows possible variations 
in velocity and flow for the field 
problem of the paper, under condi- 
tions of maximum pump loading and 
the restriction of minimum annular 
flow rate. Values resulting from use 
of each arbitrary criterion are illus- 
trated. Maximum drilling rate prob- 
ably occurs in some interval along 
each depth line, and it would be 
most helpful if this could be defined. 
Possibly this is the intent of Out- 
mans’ recommended procedure; but, 
to keep the pumps loaded and vary 
flow, variable-sized nozzles would be 
required. 


A line has been drawn in Fig. 1A 
to illustrate an interesting possibility 
of very conveniently designing a pro- 
gram that takes advantage of maxi- 
mum pump-pressure operation (or 
maximum economic pressure) and 
tends to average the velocities and 
flow rates of the three maximum pro- 
grams. A single nozzle size can be 
selected that loads the pump at On, 
(or at maximum flow at maximum 
economic pressure). This one nozzle 
size could be used at constant sur- 
face pressure, letting flow rate de- 
crease as pipe is added until total 
depth or minimum flow rate is 
reached. The results of such a se- 
lection on bit horsepower are illus- 
trated by the 3 5/16-in. nozzle line 
of Fig. 3. In view of the uncertain- 
ties of each maximized program, this 
may be just as good a choice. It 
should be remembered that this is 
applicable only in the constant-pres- 
sure region of pump operation. *** 
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ABSTRACT 


A method is presented by which the displacement ef- 
ficiency of a steam-injection process may be determined. 
The method consists of a determination of the posi- 
tion of the steam front at a particular time and the 
application of the Buckley-Leverett theory to the hot 
and cold regions of the reservoir with the appropriate 
hot or cold fluid properties. A uniform, linear flow 
system is assumed for this study. 


The method is applied to a number of reservoir con- 
_ditions. The primary properties which affect the results 
of a steam-injection process are the oil viscosities at 
steam and reservoir temperatures, injection rate, pay 
thickness and oil saturation. 


fhe efficiency of steam injection is compared with 
that of water injection for a 10-acre, linearly flooded 
reservoir. In reservoirs where the oil viscosity is about 
35 times the water viscosity, the steam process yields 
recoveries about 20 per cent higher than the water 
flood. Where the oil viscosity is near 500 cp,-the steam 
process may recover from three to four times as much 
oil as a water flood. 


INTRODUCTION 


In a previous paper,’ a method was suggested for 
evaluating a steam-injection process. Emphasis was 
placed upon the determination of the steam-front posi- 
tion in the reservoir at various times. In the present 
paper, the displacement process is studied in more de- 
tail. The approach is essentially that employed by Jor- 
dan, Rayne and Marshall’ in their study of hot-water 
injection. 

The steam-injection process is quite complex, and an 
exact description of the process has not been found; 
however, a qualitative description can be made, When 
a quantity of steam is injected into a relatively cold 
reservoir, the leading edge of the steam front contin- 
ually flows into cool sand, and some steam condenses. 
As more and more steam condenses, a banx of con- 
densed water will form which is augmented by dis- 
placed connate water. The reservoir may be divided 
in three regions—(1) a region containing displaced 
fluids at reservoir temperatures, (2) a region contain- 
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ing water at reservoir temperature and (3) a region 
occupied by steam. The reasons for the lack of a region 
of hot water or oil of any appreciable size have been 
discussed.* 


A method has been presented by which the location 
of the steam front can be determined even when heat 
losses to the regions surrounding the reservoir are 
sizable compared with the amount of heat injected. It 
remains to show the effectiveness of steam injection in 


increasing the ultimate oil recovery. To illustrate the 


technique for determining the increase in displacement 
efficiency and,-hence, the increase in ultimate produc- 
tion, two sets of hypothetical reservoir conditions will 
be studied in detail. ’ 


THEORETICAL FLUID DISPLACEMENT 


The displacement of one fluid by another from a 
porous medium has received much attention in the 
literature. The basic equation in one dimension was 
first presented by Buckley and Leverett’ as 


Ox Of w 


which applies when oil is displaced by water. 

The standard procedure is based on the determina- 
tion of the velocities of zones of equal fluid saturation. 
The velocities depend on the fluid viscosities according 
to 


1 

1 4+ 

In addition, it can be shown’ that 

Q, df 


Similar equations apply for the steam-oil system. 


Since the viscosity of oil is dependent upon tem- 
perature, the velocities of zones of equal saturation will 
depend upon temperature. 


In the present study, the “hot” and “cold” portions 
of the reservoir will be treated independently using the 
fluid properties which pertain at the respective tem- 
peratures. In general, zones of constant oil saturation 
will move faster in the hot than in the cold region. This 
result is an abrupt increase in oil saturation at the 
steam front and, ultimately, a net increase in displaced 
oil. 

The position of the steam front must, therefore, be 
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known. It has been shown that, for a linear system, the 
steam-front position x at times ¢ is given by 


oO 
where 
Rupa (Lb + cy AT) — F 
WhidpalL + AT) + TO — $)] 
(5) 
and 


KATR 
hovaali+ 


(6) 


Hence, the hot and cold zones can be calculated for 
any particular time. It is important to note that the 
steam-front velocity is not constant even for a linear 
system. The time-dependent term arises because of heat 
losses to surrounding areas. 


The velocity of the fluids in the cold region depends 
on the velocity of the steam front and the rate at which 
steam condenses at the front. The latter term is ex- 
pressed by Eq. 7 when the residual liquid saturations 
are small. 


Rate of Water 


Pst 
Condensing ~ (Re: — Vee Wh 


Thus, it is possible to determine the position of the 
steam front and the fluid saturation of both the hot and 
cold zones at any given time. In the next section, a 
possible procedure is given for applying the method 
outlined previously. 


PROCEDURE 


The following procedure may be used to estimate 
the results of a steam-injection process. However, it is 
- stressed that a number of simplifying assumptions have 
been made, particularly that the analysis pertains to a 
one-dimensional or linear-displacement process, 660 ft 
X 660 ft with a 28-per cent-porosity rock. 


1. The relative permeabilities k,,/k, and k,,/k, must ° 


first be determined in the laboratory for both water-oil 
and steam-oil systems for the particular reservoir sand 
and fluids to be flooded. For the present examples, it is 
assumed arbitrarily that k,,/k, and k,,/k, vary with the 
oil saturation as shown in Table 1 and Fig. i. The 
Steam being a gas, the curve is the familiar k,/k, curve. 


2. From Eq. 2, the variation of the fraction of water 


TABLE 1—RELATIVE-PERMEABILITY DATA 


Per Cent kst kw 
Water Saturation ko ako 
23 0.010 0.0 
26 0.020 0.013 
30 0.055 0.028 
34 0.125 0.046 
38 0.27 0.072 
42 0.48 0.113 
47 0.73 0.205 
51 1.44 0.322 
57 Sal 0.693 
61 1.36 
63 8.8 2.08 
65 13.9 3.67 
67 22 7.90 
69 35 18.0 
71 52 50.0 
72 74 100.0 
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and steam in the flow stream may be determined for 
various water and steam saturations. Laboratory meas- 
urements then must yield specific values of p/p at 
flooding conditions. Two values of y./j» will be used 
here; i.e., po/ fw = 33.7, and p/p» = 536. For both 
cases, fo/ps: is taken at 10.8. 


Fig. 3 presents the fraction of water in the flow 
stream vs the water saturation. The differentiated curve 
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df,./dS,. was obtained by numerical differentiation. The 
data apply where u./. = 536. 


Fig. 4 presents information similar to that shown in 
Fig. 3 except that p,/u. = 33.7. 


3. Before the values of the fluid saturations for a 
particular position and time can be determined, the 
Steam-front location must be determined from Eq. 5. 
The results of such a calculation are shown in Fig. 5 
for four sets of conditions. 


Fig. 5 presents the velocity of the heat front vs in- 
jection time for various injection rates and sand thick- 
nesses. The position of the steam front at any time t 
can be obtained by a simple integration of Eq. 5, as 
indicated by Eq. 7, or numerically measuring the 
areas under the curves in Fig. 5. In general the veloci- 
ties decrease with time because heat losses increase 
with time. Results of the direct integration of Eq. 5 
are shown in Fig. 6 for the same reservoir conditions 
used in Fig. 5. 


4. Eq. 3 then can be used to determine the position 
of a specific saturation zone for some time t. The value 
of df,,/dS, for various values of S,, is shown in Figs. 
2, 3 and 4. Care must be exercised to insure that 
the proper hot and cold fluid properties are used 
for the saturation determination for a specific position 
and time. Results of a number of saturation calcula- 
tions are presented in the next section. 


RESULTS 


The procedure presented has been used to study the 
steam-flooding characteristics and fluid properties. The 
results are presented in Figs. 7 through 15. One should 
bear in mind that these results apply to a linear system. 
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Markedly different values would be obtained for a_ 
radial system. However, the results should give an in- 
dication of the efficiency of the displacement process 
encountered in a steam flood. 
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Fig. 7 presents results which apply when a linear 
reservoir, 25-ft thick and 660-ft wide, is flooded with 
steam at 500 psi and 467°F at a rate of 10,000 (volu- 
metric) B/D. The saturation of the displacing phase, 
water in the cold zone and steam in the hot zone, is 
plotted vs the distance from the well in feet. Each of 
the curves applies to a different injection time meas- 
ured from the start of the flood. It is assumed that the 
porosity is 28.8 per cent and that the initial water 
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saturation is 23 per cent, In addition, it is assumed 
that the corresponding data and results presented in 
Table 1, Figs. 1, 2, 4, 5 and 6 apply. 

The most pronounced effect shown in Fig. 7 is the 
presence of an abrupt change in the displacing phase 
saturation at the steam front. A standard water flood 
occurs in the region ahead of the steam front, with an 
oil saturation which increases with time. Behind the 
front, the oil saturation is greatly reduced. The steam 
front itself is at the vertical portion of each curve. 

A decrease in residual oil saturation of about 16 per 
cent relative to that of the primary water flood is in- 
dicated for all times. Recall that an initial water flood 
is accomplished by displaced connate water and con- 
densed steam. 

A more direct comparison of the results of a steam 
flood with that of a water flood is desirable. One pos- 
sible comparison is presented in Fig. 8. Cumulative 
oil production is plotted vs time in days. The steam- 
injection rate is 5,000 B/D, and the water-injection 
rate is 325 B/D, which is the equivalent rate at which 
water could be injected at the same pressure. Refer to 
Ref. 1 for more details on the equivalent rate. 

The cumulative production from the water drive is 
seen to exceed that from the steam drive for the first 
2% years, Thereafter, the steam process yields a higher 
recovery. The increased recovery after 10 years is about 
100,000 bbl, which represents an increase of about 20 
per cent over that of the water flood. It should be kept 
in mind that this chart relates recoveries in a linear- 
displacement process for two somewhat arbitrarily 
chosen rates. One may expect that a similar chart for 
a radial or pattern-type flood would show different re- 
coveries. However, the relative effects due to displace- 
ment differences should not differ appreciably from 
those presented. 

Similar results for the same reservoir conditions, ex- 
cept that the steam-injection rate is 20,000 B/D, are 
presented in Figs. 9 and 10. The primary effect is that 
the cumulative-oil curves approach a maximum much 
more rapidly. In addition, since heat losses occur for 
a shorter period, the efficiency of the steam process is 
increased to such a degree that, for all times, the steam 
process produces a higher cumulative production than 
the standard water flood. For example, the time re- 
quired to produce 500,000 bbl of oil by steam injection 
is about 2,300 and 500 days at 10,000 and 20,000 B/D 
of steam, respectively. The advantages of higher rates 
are even more pronounced for thinner pays. 
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Fig. 11 presents results for an injection rate of 5,000 
B/D of steam. Comparison with Figs. 7 and 9 again 


shows that the lower rate is less efficient than the high 
rate. 


Fig. 12 presents results for a 10-ft thick reservoir 
into which steam is injected at a rate of 4,000 B/D, 
which is the same rate in barrels per day per foot of 
pay as that used in Fig. 7. The principle effect is that 
longer times and, hence, larger quantities of steam are 
required to obtain equivalent oil displacements or 
steam flooding. The times required to obtain steam 
breakthrough 660 ft from the injection well are about 
2,300 and 2,900 days for the 25-and 10-ft reservoirs, 
respectively. 


The previous saturation distributions have been for 
reservoirs containing a medium-gravity crude. Fig. 13 


presents results for steam injection into a reservoir con-_ 


taining a viscous crude; i.e., u./u,. = 536. The steam 
portions of the figure do not appear appreciably 
-changed. The result is not surprising because both light 
and heavy crudes have about the same viscosities at 
very high temperatures, near 500°F.* In no region does 
water flcoding appear because the velocities of the 
saturations above the immobile water saturation are 
slower than that of the steam front. The saturations for 
a water flood at “equivalent” water rates are presented 
in Figs. 14 and 15, for reference. 


The steam and equivalent waterflood processes are 
compared in a chart of cumulative oil produced vs time 


90 
5000 
6 

80} 000 
= TIME IN 
7 
a = 
©s50}—- 
c 

INJECTION RATE 5000 bbls /doy 

PAY THICKNESS 25ft. 3 
— / 33.7 
10.8 
| | 
| 
©) 100 200 500 600 


300 
DISTANCE —-FT. 


Fic. 11—Steam SATURATION PROFILES. 


100, 

80H] 
3000 
= 
° 
2 TIME IN a 
a 
a 
iJ 
40}-— 

INJECTION RATE 4000 bbls/day 

PAY THICKNESS 
337 
10.8 
| | | 
o 100 200 300 400 500 600 


DISTANCE -FT. 


Fic. 12—Stram SATURATION PROFILES. 


VOL. 219, 1960 


in Fig. 16. At all times, the cumulative oil production — 
for steam injection exceeds that for a water flood by 
a factor of at least four. 


DISCUSSION 


The results presented in the previous section indicate 
the characteristics which may be expected of a steam- 
injection process, The position and size of the steam 
region were first obtained from an equation based on 
the conservation of heat relationship which included 
heat losses to surroundings. The Buckley-Leverett me- 
thod was then followed, and the proper hot and cold 
fluid properties were applied to obtain the velocities 
of constant fluid-saturation regions. 


Increased recoveries over a standard water flood 
are indicated for all conditions studied except for the 
initial periods when thin sands are flooded. An increase 
by about 20 per cent is noted for a medium-weight 
crude. Steam injection in reservoirs containing a heavy 
crude produced increased oil recoveries by a factor of 
three or more, depending on the particular conditions. 


These results indicate that steam injection should be 
regarded as a possible supplementary recovery method. 
However, a number of assumptions are made which 
should be given full consideration before applying this 
method to a specific reservoir. The final decision as to 
the merits of the steam-injection process is an economic 
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one, and additional costs are involved which must be 
considered. 


NOMENCLATURE 


A = area 
a = thermal diffusivity of the surroundings 
cs = specific heat of the reservoir sand 
Cw» = specific heat of the water 
f. = fraction of steam flowing 
f. = fraction of water flowing 
= defined by Eq. 6 


= thermal conductivity 


F 
h = pay thickness 
k 
k 


= oil permeability 


k,; = steam permeability 
k,. = water permeability 
L = heat of condensation 
Q, = rate 


Q = fiow rate 
At = cumulative volume injected 


= porosity 
R,; = volumetric steam rate 
Ps: = density of steam 


= density of water 
= steam saturation 


S,, = water saturation 
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time 
T = temperature 


Vs: = velocity of steam front 

= viscosity 

w = width of the flood 

x = general distance variable 
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ABSTRACT 


The flash X-ray has been used more than a 
decade to study the configuration of the jet from a 
shaped charge. The high-speed, rotating-mirror smear 
camera has provided time-distance graphs of detona- 
tions and shock fronts in transparent materials, and the 
high-speed framing camera has given pictorial repre- 
- sentations of the progress of explosive phenomena. 


Adequate means for measuring the paths and veloc- 
ities of all parts of the shaped-charge cavity liner dur- 
ing the collapse phase have not existed heretofore. A 
_teehnique enabling the single-lens framing camera to 
make stereoscopic photographs of the cavity liner while 
it is collapsing has been developed. Analysis of this 
photographic record gives the directions and velocities 
of various parts of the liner surface, permitting direct 
quantitative measurement- where this has previously 
been impossible. Significant improvements in shaped- 
charge design are expected to result. 


INTRODUCTION 


The familiar oilwell jet perforating charge, generally— 


referred to as a “shaped charge’, is related to the Mun- 
roe charge first described by C. E. Munroe in 1888 
and Jater by Neumann in 1910. It differs in construc- 
tion from the Munroe charge in that its cavity is lined, 
with some inert material (usually metal), and it differs 
in performance by projecting a fast jet of dense liner 
material against the target instead of a stream of ex- 
panding detonation products. 


Fig. 1 represents a typical shaped charge in axial 
cross section. The charge is circularly symmetrical 
about its longitudinal axis. The cavity at the right is 
lined with metal, usually copper; and, with the excep- 
tion of air, the liner is otherwise completely empty. 
High-explosive material is intimately in contact with 
the convex surface of the liner and extends in the other 
direction to the booster. This is a pellet of high ex- 
plosive having somewhat different characteristics and 
serves to couple the detonator to the main charge. 
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When the detonator is fired, a small hemispherical re- 
action zone of very high temperature and pressure 
occurs at its output end. The booster responds, adding 
its own latent energy to the reaction, thereby initiating 
the main charge. The reaction progresses throughout 
the main charge at a velocity of 7 to 8 mm/micro- 
second until all the explosive material has reacted. With 
a reaction pressure of about 160,000 atm, the sur- 
rounding material is moved rapidly away from the 
high-pressure zone. As the detonation proceeds along 
the cavity liner, moving from apex to edge, the liner 
is collapsed toward the axis of the cavity, where liner 
material from all parts of the concave surface con- 
verges. A zone of extraordinarily high pressure results, 
with only one escape path—outward along the axis. 
The particles from the liner, thus, become a jet of very 
high velocity, with a density characteristic of the ma- 
terial from which the liner was made. The kinetic 
energy of the jet, concentrated in a small area of the 
target, has great penetrating power. It overcomes the 
strength of any target, and the target material crumbles 
or deforms plastically to escape from the path of the 
jet. 


An unlined cavity charge, on the other hand, pro- 
jects a turbulent body of hot gaseous material against 
a target and erodes the exposed surface. With equal 
quantities of explosive, the penetration effectiveness of 
an unlined charge is a small fraction of that of a lined 
charge. 


Given an explosive charge with a detonator at one 
end and an axially symmetrical metal-lined cavity at 
the other, one has a perforator of considerable potency. 
To maximize the penetrating and other desirable effects, 


CASE CAVITY LINER 
DETONATOR 
BOOSTER 


HIGH EXPLOSIVE 


Fic. 1—ConveNTIONAL SHAPED CHARGE. 
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with the unwanted side effects minimized, careful de- 
sign becomes most important. 

The detonation of an explosive body within an oil 
well can produce unwanted side effects, Casing can 
be damaged and, if the explosive unit is mounted with- 
in a hollow carrier to minimize such damage, it is 
found that the life of the carrier is some inverse func- 
tion of the quantity of explosive within it. The prob- 
lem is to increase the useful fraction of the available 
explosive energy from the usual 5 to 8 per cent to some 
significantly higher level. Other benefits, such as elimi- 
nation of the carrot or slug, minimization of the burr 
around the perforation and a clean perforation with 
higher flow, can be realized from careful designing. 


Since an explosion is a single-shot affair, the dozen 
or so interrelated parameters that control an experi- 
ment are lost in the process and are not available after- 
ward for re-check or re-adjustment. There are only 
two ways to study the performance of a jet perforating 
charge—by examining the perforation made by the 
charge in a target, and by the use of special instru- 
ments capable of recording the explosive event as it 
develops and subsequently displaying it at a rate con- 
venient to the investigator. 


TARGET TESTS 


Jet perforating charges can be and are being devel- 
oped on the basis of performance comparisons alone. 
With some experience in the art, and a bit of intuition, 
a design of some effectiveness may be achieved by this 
process. The actual effectiveness of a given design is, 
however, not easily ascertained. The examination of 
perforations in standard targets would be a straight- 
forward solution if there were a truly representative 
target material, if all environmental conditions in the 
well could be duplicated on the surface and, especially, 
if examination of the end result could lead to explicit 
evaluations of the separate parameters of the charge. 


Progress has been made in the first two problems. 
The old steel-faced cement target has been replaced 
in the more modern laboratories by standardized Berea 
sandstone targets under conditions of controlled fluid 
pressure and temperature simulating representative 
down-hole conditions. However, separate individual 
charges are never exactly the same, although identical 
in manufacture and appearance, and a number of 
charges of the same design will produce a number of 
different perforation characteristics. The problem, then, 
is to decide which result is most typical of the design 
and what unknown changes in the charge details are 
responsible for the other characteristics. Or, to put the 
problem in more practical terms, what design modifi- 
cations should be introduced to improve the charge? 
Looking at the target alone does not solve the prob- 
lem. Examination of 1,000 perforations would leave 
unanswered most of the questions that remained after 
examination of the first 10. 


MICROTIME PHYSICS 


Explosive phenomena occur too rapidly to permit 
detailed observation by ordinary means. With a reaction 
that is completed in a few millionths of a second and 
on which a number of sequential observations are to 
be made during the reaction, the practical unit of time 
is the microsecond (1-millionth of a second). Deto- 
nation velocities and the speeds of inert material pro- 
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pelled by detonation pressure are usually expressed in 
millimeters per microsecond. The millimeters per micro- 
second is as standard and useful a rate unit as miles 
per hour or barrels per day in other frames of refer- 
ence. To gain a feeling for the shortness of a micro- 
second, one need only realize that a microsecond is to 
one second as one secend is to two weeks; or, in terms 
of the velocity of light, the light which travels the 93 
million miles from the sun to the earth in eight minutes 
goes only 328 yd in one microsecond. Yet, even the 
microsecond is a fairly coarse unit of time in explosive 
testing. Fractions of a microsecond are commonly em- 
ployed, and 1/100 microsecond is so useful it has been 
given a name, the “shake”. 


The techniques of exploring, with special equipment 
and theoretical interpretation, this field of very fast re- 
actions are sometimes grouped under the broad title, 
‘“Microtime Physics”, The theorists have developed an 
extensive understanding of detonation phenomena, the 
propagation of shock through material media and the 
responses of various materials to explosive shock. The 
instruments used in the experiments that support their 
calculations must be capable of rendering clear and 
unequivocal information related by some definite time 
scale to the progress of the explosive reaction. Broadly 
speaking, these instruments can be divided time-wise 
into two groups—those that make a single exposure of 
exceedingly short duration at some instant during the 
progress of the detonation, and those that capture all 
or most of the reaction continuously or intermittently 
during the period of observation. Representative of the 
first group is the flash X-ray, and of the second group 
are the high-speed, rotating-mirror streak and framing 
cameras. Laboratories seriously engaged in the investiga- 
tion of explosive phenomena, in general, and shaped 
charges, in particular, have most or all of the following 
highly specialized equipment. 


FLASH X-RAY 


This is medium-powered radiographic equipment 
in the 100-kv range, capable of emitting X-rays in a 
single short burst, approximately .1- or .2- of a micro- 
second duration. This, with the necessarily precise con- 
trol of timing, is capable of recording an essentially still 
shadowgraph of a shaped-charge jet, even when ve- 
locities at the tip approach 30,000 ft/sec. Equipment 
of this kind has been found extremely useful in deter- 
mining the nature of the actual jet. It shows whether 
the jet is continuous or particulate, collinear or deviat- 
ing, and indicates the mass distribution along the jet, 
the size and shape of the tip, the mass and distribution 
of the following slow material and the size and shape 
of any slug produced. 


Some establishments possess this equipment in dupli- 
cate or triplicate and are able to record the shadow 
of the same jet after two or three different intervals of 
time and from different directions. Directional devia- 
tions which might not be apparent in a single flash 
are clearly shown in views from other directions; and, 
with the precise time intervals between flashes, tip 
speeds can be calculated. Fig. 2 is a double-subject, 
double-flash radiograph recorded on a single 14 X 17-in. 
film. The X-ray tube that made the exposures of the 
shorter jets was pulsed 28 microseconds after the deto- 
nation, and the second tube which made the exposures 
of the longer jets was pulsed at 39 microseconds. In 
the 11-microsecond interval, the reference jet on the 
right moved 66 mm for an average velocity of 6 mm/ 
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microsecond; the experimental jet on the left moved 


58 mm for an average velocity of 5% mm/micro- 
second. 


SMEAR CAMERA 


This is a shutterless camera in which any light pene- 
trating a narrow slit is reflected from a rapidly rotating 
mirror and, thereby, is caused to sweep along a station- 
ary film. With the slit across the optical axis and cross- 
wise with respect to the film, illumination in different 
parts of the slit will expose corresponding areas of the 
film as the mirror rotates. 


The use of the smear camera to measure the pro- 
gress of the detonation front along the cavity liner in 
a perforating shaped charge is illustrated schematically 
in Fig. 3. The charge is mounted with its rear quarter 
toward the camera, and a front-surface mirror provides 


an axial view of the cavity. A narrow slot is cut through 


the charge case, exposing the explosive material. The 
assembly is arranged so that the camera slit is aligned 
with the axis of the primacord hole in the back of the 
charge case, the slot and a diameter of the cavity as 
reflected in the mirror. The smear camera then records 
the arrival time of the detonation in the primacord, the 
rate of progress of the detonation in the charge along 
the interior surface of the case and the points of first 
emergence and transit times of the detonation along 


Fic. 2—Doustre-FLasH X-RAY OF Two SHAPED CHARGES. 


MIRROR 


OF CAVITY 


SLOT IN 


END OF PRIMACORD / 


AXIAL REFLECTION 


PRIMACORD 


Fic. 3—-ARRANGEMENT OF CAVITY CHARGE FOR SMEAR-CAMERA 
TEST. 


VOL. 219, 1960 


the cavity liner. An actual smear-camera setup and 


record are shown in Fig. 4. The physical pictures at~ ~ 


the top were taken with the slit removed from the 
camera. The trace in the lower section is a time/dis- 
tance plot of detonation progress, with time increasing 
toward the right. The lower trace shows the detonation 
traversing the slot in the case, and the curved trace 
near the top of the record shows the emergence of the 
detonation in the cavity, The charge in this test con- 
tained a steel barrier to produce a simultaneous imping- 
ment of the detonation front on the central area of the 
elliptoidal liner. The trace indicates simultaniety to 0.19 
microsecond. 


HIGH-SPEED FRAMING CAMERA 


This is another camera employing a rapidly rotating 
mirror to sweep the image over a stationary film. With 
very strong illumination, this camera can record the 
collapse of shaped-charge cavity liners and produce a 
sequence of 25 closely timed, still pictures of the event 
at speeds of 48,000 to 4,300,000 frames/sec. Fig. 5 
is an oblique view of the camera with its cover side re- 
moved. The film is supported against a 90° arc in the 
camera housing, and 25 secondary optical systems 
along 25 equi-spaced radii of the arc sequentially re- 
ceive the photographic image from the main lens as 
the mirror rotates on its axis at the center of the arc. 
The operation of the camera is indicated schematically 
in Fig. 6. 


Each of the 25 optical systems includes lenses to pro- 
vide proper focus and image size at the film, and a geo- 
metrical aperture called a “diamond stop”. Shuttering 
action is provided with no moving parts by the sweeping 
of the image across these diamond-shaped openings. In 
effect, light adequate for film exposure reaches the film 
only when the image is directed along the axis of one 
of the 25 optical systems. As the mirror continues its 
rotation, the diamond stop for each of the 25 optical 
systems, in turn working in conjunction with another 
diamond stop in the main optical system, extinguishes 
the light for the corresponding frame. 


This camera makes a sequence of closely timed still 
photographs. Fig. 7 presents every third frame from a 
sequence showing a shaped-charge jet penetrating a 1-in. 
glass plate. With the framing rate of the camera (600, 
000 frames/sec in this case) and allowance for the ob- 


Fic. 4—MEASUREMENT OF DETONATION PRocREsSS ALONG 
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and density of the explosive material; the mass of the 
confining charge case; the geometry of the cavity; the 
material of which the liner is made; the shape, direction 
and velocity of the detonation front at all points on the 
liner; etc. These parameters combine to deliver a for-  ~ | 


entire assembly; the chemistry, thickness, distribution : 


ward impulse to the liner, and the resulting motion de- 
pends upon the relation between the available impulse 
and the mass of the liner at every point. 


The material, shape and thickness of the liner are 
arbitrarily determined. The impulse, however, is the re- 
sultant of many interdependent conditions. A complete | 
design analysis, therefore, requires a quantitative evalu- 
ation of this resultant. The local impulse can be calcu- i 
lated if the velocity can be measured and if the thick- 
ness (mass) of the liner at every point is known. 


The framing camera may be used to measure veloci- 
ties in directions perpendicular to its optical axis, and it 
will support a qualitative analysis of the collapse of a 
cavity liner. However, since it is not sensitive to axial 
displacements, any conclusions about true motions in 
three-dimensional space are implicit rather than expli- 
cit. This instrument, as generally used, is therefore not 
suitable for the measurement of explosive impulse in 
shaped charges. A new stereoscopic technique employ- | 
ing a special supplementary optical system has given ) 
the high-speed framing camera the ability to record mo- ) 
tion in a manner which permits calculation of original 
directions and velocities in three-dimensional space. 


Fic. 5—Hicu-Speep FRAMING CAMERA, SIDE 
Cover REeMOvED. 


lique point of view, the progress of the event can be 
calculated. The same technique can be employed to 
study shock propagation in transparent liquids and sol- 
ids. 

The instruments described thus far give the designer 
of oilwell perforating shaped charges certain facts about 
his experimental designs that he otherwise would be un- 
able to get. These, however, give little information on 
the motion of the liner in the initial stages of jet for- 
mation. 


STEREOSCOPIC PHOTOGRAPHY 


The advantage in having two eyes instead of one for 
the perception of distance is obvious, and the use of 
triangulation in surveying is well known. Each employs 
two given positions spaced along a base line, from which 
a remote object is observed. The smaller the angles be- 
tween the lines of sight and a base line of given length, 


The essence of the jet-formation process is the pro- 
gressive collapse of the cavity liner. The kinetic energy 
of each small increment of liner material must be cor- 
rect in amount, and it must be delivered at the right 


place at the right time in order that the jet may be FRAME 

smooth and collinear, A dozen or more different charge sake NOM 

parameters affect the behavior of the cavity liner. These 

include: the axial symmetry of every component and the a carchce 
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Fic. 7—Hicu-Speep FrAmiInc-CAMERA SEQUENCE, 
Jet Penetratinc Guass Bnock. 


the closer the observed object is known to be. The 


length of the base line and the magnitudes of the an- - 


gles are sufficient information for the calculation of the 
distance. This is the principle used in optical range-find- 
ers and in time-lapse aerial mapping cameras designed 
to record elevations and contours. The same principle 
applies when the angles are held constant and the length 
of the base line is varied. With fixed angles, the shorter 
the base line, the closer the observed object is known 
to be. With either arrangement, the path of an object 
moving in three-dimensional space can be recorded if 
successive, synchronized, stereoscopic pictures can be 
made from known positions on the base line. With the 
time intervals between these pictures known, the speed 
of the object may be computed. 


This may be done with two separated cameras actu- 
ated by common drive and synchronizing systems. Such 
an arrangement, with sufficiently fast action, could re- 
cord velocities and directions of shaped-charge liner ele- 
ments during the collapse process. Under certain con- 
ditions, a single-lens camera can be used to make a 
stereoscopic picture. The essential element is an array 
of mirrors such that the left- and right-oblique views of 
the subject are presented in the left and right halves of 
the normal camera field. 


In the testing of small explosive charges, a wider 
convergence angle (with a consequent increase in the 
accuracy of triangulation) is feasible by using a single 
camera and a remote system of mirrors. By employing 
only one camera, the problem of synchronization is 
eliminated; and, by producing both views on a single 
film, the relative positions of the two images during 
analysis are fixed automatically. An additional advan- 
tage is the elimination of the $40,000 cost of a second 
camera. 


Fig. 8 shows the steel frame that holds the explosive 
charge and the mirrors in fixed relative positions. The 
framing camera is aimed along the same direction as 
the camera with which the photograph of Fig. 8 was 
made; but, since the framing camera has an objective 
lens of much greater focal length than the latter cam- 
era, the field of the framing camera is much narrower. 
The framing camera covers only the top mirror, which 
turns the line of sight vertically downward into the 
stereo system and the charge cavity. Immediately below 
the top mirror, in which two images of the charge cav- 
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Fic. 8—Sreei Frame Suprortinc CHARGE AND 
Stereo Oprics. 


ity may be seen reflected in the photograph, two pairs 
of mirrors are carefully positioned. The outer pair, left 
and right, establish the directions of the two oblique 
lines of sight that, together, control the stereoscopic 
geometry. Light from the charge at the bottom of the 
photograph is reflected from these mirrors to the inner 
pair which re-direct the light upward to the top mirror. 
It is the function of this mirror to turn the light from 
the inner pair of mirrors to a new direction so that the 
camera will be located at one side rather than in line 
with the jet. The two inclined cylindrical bodies at the 
upper corners of the photograph are argon bombs that 
illuminate the charge cavity during the period of obser- 
vation. 2 


Plotting the courses of specific elements of the liner 
during collapse necessitates some means of identifying 
the elements. For this purpose, and to increase the in- 
tensity of the reflected light, a thin cadmium electro- 
plate is applied to the interior surface of the liner. Upon 
this white surface, a circular grid system is scribed with 
India ink. Radial lines at 45° intervals are drawn to 
intersect the circles. The thickness of the liner is meas- 
ured at each line intersection, and these measurements 
are used, after analyzing the stereoscopic record, to com- 
pute the explosive impulse at the points of observa- 
tion. 


Since the cavity liner is essentially symmetrical about 
its axis, a plane figure derived from the intersection of 
any axial plane with the surface will represent the 
shape. In stereoscopic photography, the specific axial 
plane is the one containing the two points of observa- 
tion at the ends of the stereo base line. The interpreta- 
tion of the photographic record is simplified by mount- 
ing the test charge so that the axis of the cavity is a 
perpendicular bisector of this base line. This makes the 
angles between the lines of sight and the base line 
(stereo angles) equal and the photographic images iden- 
tical in size and obliquity and reserved in aspect. 


Every point on the visible surface of the subject is 
represented in each of the stereo images, and the two 
rays that produced the corresponding points in the two 
images left the subject along lines with an angular sep- 
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aration, designated the stereo convergence angle. It fol- 
lows that lines through any pair of projected points cor- 
responding to some point on the subject, and intersect- 
ing at the same stereo convergence angle, will plot the 
location of the original point. A complete plot, obtained 
by fairing a smooth curve through a series of plotted 
points from edge to edge, will be of the same size as 
the photographic images from which the plot was made. 
Any scale of magnification, therefore, easily is obtained 
by optical enlargement in the projection of the image. 
A frame-by-frame series of plots produces a succession 
of shapes characteristic of the liner during the collapse 
phase at intervals equivalent to the framing interval of 
the camera during the test. Fig. 9 shows every third 
frame from a charge test. Light from the Lucite probe 
in the upper-left frame indicates that the detonation had 
reached the booster at the instant that frame was ex- 
posed. 


ANALYSIS 


The extraction of physical measurements from the 
photographic record is done graphically. The plotting 
system is based upon the fixed angle, variable base-line 
principle. Its function is to move the pen farther away 
as the distance between the cross-hairs increases, and 
vice versa. The amount by which the pen must move 
per unit change in spacing of the cross-hairs is prede- 
termined by the geometry of the photographic system. 
The ratio of the perpendicular distance of the observed 
point from the stereo base line to one-half the length 
of the stereo base line is the cotangent of one-half the 
stereo convergence angle. In the particular photographic 
system described, the stereo convergence angle is 21°. 
Thus, in the plotting system, the perpendicular transla- 
tion of the pen with respect to the base line must be 
equal to the change in the lateral spacing of the cross- 
hairs multiplied by the cotangent of 10%°. 


The pen also must move laterally as the cross-hairs 
scan from one side of the projected images to the other. 
When the cross-hairs move at the same speed in the 
same direction, the pen must perform exactly the same 


Fic. 9—Stereoscoric Framinc-CAMERA 
SEQUENCE. 


motion. When one moves and the other remains sta- 
tionary, the pen must move in the same direction but 
only one-half as far, When the cross-hairs move equal 
distances in opposite directions, the pen must not move 
laterally; and, when they move different distances in op- 
posite directions, it must move laterally by one-half the 
amount of the difference. 


These characteristics are typical of a fixed angle, 
variable base-line, stereoscopic system, and the require- 
ments are satisfied by a very simple pulley-and-cord 
mechanism. Fig. 10 is an operator’s eye-view of the 
mechanism. The plotting pen is carried by a car which 
rolls along a double-rod track fastened to a movable 
base between and controlled by the movement of the 
cross-hairs. The cotangent relationship for vertical 
movement of the pen along the double-rod track is 
incorporated in the two pulleys forming a capstan 
mounted on the movable base. The upper part of the 
penholder is a cylinder-and-piston arrangement con- 
nected by a flexible rubber tube to a syringe bulb. When 
the operator has the cross-hairs properly positioned, he 
squeezes the bulb and the pen strikes the paper and 
plots the point. In the figure, the operator has posi- 
tioned the cross-hairs for a point on the extreme right 
and is ready to actuate the pen and plot the point. 


The transverse wire through the centers of the pro- 
jected images in Fig. 10 represents the stereoscopic base 
line. Adjustment of the cross-hairs to intersect this line 
at tangent points on corresponding circles will yield 
a plot of the cavity shape at the axial plane intercept. 
The shape of the cavity at tilted plane intercepts can be 
projected geometrically upon the horizontal plane by 
positioning the cross-hairs at intersections of the circles 
and the scribed radial lines. Normally, the figure is 
reasonably symmetrical and the horizontal plot is ade- 
quate to represent the entire configuration. 


In constructing a complete plot showing the succes- 
sive shapes of a cavity liner, the operator first identi- 
fies the frame that was exposed at the time the detona- 
tion reached the charge booster. This is indicated by 
light from a Lucite rod shaped so that one end is against 
the end of the initiating primacord and the other is in 
the camera field beside the charge. The shape of the 
undisturbed cavity liner is then plotted from this frame. 
The first motion is detectable about three microseconds 
later, and a plot corresponding to this is next made. Suc- 


Fic. 10—Oprrator’s Eye-View or STEREOSCOPIC PLOTTING 
INSTRUMENT. 
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cessive shapes are plotted frame-by-frame as long as 
the image is clear enough to be plotted. 


Fig. 11 shows plots from two tests of experimen- 
tal designs of the barrier-charge configuration. In place 
of the conventional conical cavity liner, each had an 
elliptoidal liner. The left-hand plot represents the pro- 
gressive collapse of a cavity liner in a charge contain- 
ing a steel barrier. The plot on the right was made 
from a similar charge with the barrier omitted. The 
profile at the 12th frame is drawn extra heavily for 
identification. At this time, the liner material closest to 
the jet in the barrier charge was traveling at an indi- 
cated rate of 3.03 mm/microsecond while, at the cor- 
responding point in the no-barrier charge, the indi- 
cated velocity was 1.94 mm/microsecond. The gener- 
ally higher velocity in the barrier charge is evident from 
the wider spacings between positions observed at equal 


time intervals. This higher velocity is attributed to the — 


shock loading of the explosive between the barrier and 
the cavity liner just prior to its detonation, plus the 
higher detonation velocity and pressure due to the con- 
verging detonation front beyond the barrier. 


CONCLUSIONS 


The new stereoscopic technique provides quantitative 
data pertaining to the most critical phase in the gen- 
eration of a jet from an oilwell perforating shaped 
charge, and the phase which has been least amenable 
to direct observations. Its use is expected to develop 
new information on the significant charge parameters 
and, together with information obtained from the smear 
camera, flash X-ray and standard target tests, to lead to 
the most effective use of the explosive energy available. 
With proper design resulting from a more complete 
evaluation, it should be possible to direct more than 
the present 5 to 8 per cent of the available energy into 
the perforation process, and less into wasteful and 
damaging side effects. The ultimate payoff will be more 
efficient and more effective perforating charges which 
will result in delivering oil to the wellhead under diffi- 
cult conditions that would defeat a conventional charge. 
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FRONT AT 1/2 MICROSECOND, 
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SUCCESSIVE POSITIONS OF CAVITY LINER SURFACE 
AT CAMERA FRAMING INTERVAL = 0.694 MICROSECOND 


Fic. 11—ComparaTIvE PLots From STEREOSCOPIC RECORDS OF 
Two TEstTs. 
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ABSTRACT 


Artificially consolidated sand models, representing 
one-quarter of a five-spot, have been developed and used 
to study factors affecting miscible displacement. Sweep 
efficiency at breakthrough, size of the mixing zone 
between two miscible liquids and per cent area con- 
tacted by drive after breakthrough were determined tor 
the high mobility ratios encountered in actual reser- 
yvoirs. Quantitative relationships between the degree of 
viscous fingering and mobility ratio were obtained by 
measuring the length of the fluid interface. 


Scaled miscible-slug experiments, supported by field 
evidence reported in the literature, have shown that 
when the slug is followed by dry gas the process is less 
efficient than expected. In addition to low areal sweep 
efficiencies encountered for high mobility ratio dis- 
placements, the effectiveness of a miscible slug is great- 
ly reduced. This is caused by an accelerated growth of 
the mixing zone between the driving and the displacing 
fluids. 


INTRODUCTION 


Considerable interest in miscible displacement as a 
secondary recovery process has been shown by the 
oil industry in recent years. In addition to extensive 
laboratory investigations, numerous field operations have 
been initiated so that 39 miscible displacement projects 
had been reported’ in the United States by early 1959. 
By far the most popular approach in these projects is 
the use of an LPG slug followed by dry gas. 

Laboratory tests have indicated that with a small 
miscible slug, amounting to several per cent of the 
hydrocarbon pore volume, practically 100 per cent re- 
covery of the oil in place can be achieved and that all of 
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the slug material can be recovered by a subsequent 
gas drive. However, these experiments were conducted 
on small-diameter long cores that can be considered as 
essentially uni-dimensional reservoirs that do not repre- 
sent actual field conditions. It soon became apparent 
that the inherently adverse mobility ratios existing in 
the reservoir cannot be ignored in any miscible dis- 
placement field project. When a less viscous fiuid such 
as an LPG slug drives a more viscous reservoir oil, 
fingers develop that reduce the areal sweep efficiency. 


The size of the miscible slug to be used is a subject 
of some controversy. It has been proposed that the 
size of siug needed be calculated by setting lengths of 
the mixing zone proportional to the square root of the 
distance traveled. This proposal is based on experimental 
evidence’ and theoretical considerations’* in which fing- 
ering was not a factor. 


A prerequisite for successful application of the mis- 
cible displacement process to field operations is a better 
understanding of the following factors. 

1. What is the effect of mobility ratio on the rate 
of deterioration of a miscible slug? 

2. How large a slug should be used for given reser- 
voir conditions? 


3. What is the sweep efficiency? 


The purpose of this investigation was to provide some 
additional laboratory data that should help to answer 
these questions. More specifically, it was intended to 
study more quantitatively the effect of viscous fiinger- 
ing, mobility ratio and slug size on the efficiency of this 
relatively new secondary recovery process by means of 
experiments on thin, horizontal, porous medium models. 


EXPERIMENTAL TECHNIQUE 


To achieve reproducibility of results, it is essential 


TABLE 1 — PROPERTIES OF ARTIFICIALLY CONSOLIDATED SAND MODELS 
Pore Type Mesh 

‘ é Porosity Permeability Space of of 

Model Size (in.) (per cent) (darcies) (ml) Sand Sand 
A 4, X 42 X Ve 31 4.5 11.9 Nevada 140 100-270 
B 4%. X 412 X Ve 31 4.5 11.2 Nevada 140 100-270 
26.8 12 102 Ottawa No. 38 40-70 
D %15X 15x, 24.4 20 225 Ottawa Flint 30-50 

Shot 
Ki 28.5 1225 125 Ottawa No. 38 40-70 
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that the properties of the models do not change from 
one experiment to another, This was accomplished by 
using artificially consolidated sand models. 


Five separate models representing one-quarter of a 
five-spot were used for this investigation. Model sizes 
and properties are listed in Table 1. 


Preparation of the models was conducted as follows. 
Loose sand grains were coated with a thin film of epoxy 
resin. A pack of such grains was formed to the desired 
shape and oven-cured. The resulting consolidated plate 
was then coated with a thin film of very viscous (paste- 
like) plastic, cured again and cast in a thermosetting 
transparent plastic in a Lucite frame. The resulting 
models are sufficiently translucent to permit observa- 
tions of the colored liquids by transmitted light during 
a flow experiment. 


Liquid hydrocarbons, alcohols, glycols and water were 


used for the fluid-flow studies, and carbon tetrachloride 
was utilized whenever needed to equalize densities of 
-the different phases. Before each run, the model was 
completely saturated with a liquid representing the oil 
phase. During a run, the model was placed horizontally 
on a light-table. The displacing fluids ‘were colored 
with soluble dyes. Flow direction for all runs was 
diagonally from the injection well into the producing 
well of the square model. All experiments were con- 
ducted at constant rate in a thermostatically coutoled 
laboratory. 


Specially constructed attachments permitted ae 
color slides and- 16-mm movies of the experiments. 
Traces of the phase boundaries were made from en- 
- larged images of the color transparencies and the areas 
“covered by the invading phases were planimetered, The 
length of the interfaces traced on transparent acetate 
sheets were measured with a map measure. 


Homogeneity of the matrix was tested by displacing 
a liquid by the same liquid with color added. Even dis- 
placement fronts were observed, which was taken to 
mean that permeability variations could be neglected. 
The 15-in. square plate, due to greater pore volume and 
larger surface area, proved to be better adapted for this 
study than the smaller-sized models. 


~ AREAL SWEEP EFFICIENCY 


AT BREAKTHROUGH i 
The portion of a reservoir that will be contacted by 
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a drive is primarily a function of the mobility ratio 
between the fluids involved. Studies of sweep efficiencies 
reported so far do not extend to conditions encountered 
in actual reservoirs for a miscible displacement opera- 
tion. With the use of the technique just described, 
however, it is possible to study sweep efficiency even at 
high mobility ratios. 

Mobility ratio (M) is defined as the ratio of the 
mobility of the displacing to that of the displaced fluid, 
or 

k./ pa 

For miscible displacement, the effective permeabilities 


to both phases are the same, and M is reduced to — 


BASED ON VOLUME OF FLUID INJECTED 


Areal sweep efficiency for two-zone* miscible systems 
was studied for a range of mobility ratios from 0.037 
to 131, Recoveries, as determined by the volume of 
fluid injected up to breakthrough, are plotted as Curve 
1 in Fig. 1. The sweep efficiency for the quarter of a 
five-spot pattern decreases from 78 per cent for the 
lowest mobility ratio studied to a recovery of about 19 
per cent of the oil in place for M = 100 (Curve 1). 
At M = 1, an average of 66.7 per cent of the recover- 
able oil was produced at breakthrough. 
~ Data presented in Fig. 1 are composite results on 
runs made on all five models at injection rates ranging 
from 0.07 to 30.0 ml/min. Direction of flow was fre- 
quently changed from run to run. No significant effects 
on the sweep efficiency were observed by changing the 
following variables within the ranges studied—(1) 
model size, (2) rate of flow, (3) direction of flow and 
(4) permeability. The number of runs at each mobility 
ratio and values of the arithmetic mean (7) as well as 
standard deviations (s) from the points on Curve 1 
(Fig. 1) having six or more runs for any given M are 
listed in Table 2. The range about a sample mean with- 
in which we can expect the true mean to occur is listed 
in Col. 5. 


BASED ON AREA CONTACTED 


When the fractional area contacted by the drive up 
to and at breakthrough was measured, it was found to 
be larger than the corresponding fractional pore volume 
injected. For a perfect piston-type displacement with 


*In this report, the word ‘ ‘zone’ is used to mean a region of the 
reservoir containing a fluid of a given mobility; i.e., in ee ee 
displacement we are generally concerned with three zones — (1) th 
region occupied by the reservoir fluid, (2) the region occupied ‘es 
the slug and (3) the region occupied by the driving fluid. 


TABLE 2 — STATISTICAL ANALYSIS OF BREAKTHROUGH RECOVERY DATA 
3ASED ON PORE POLUME INJECTED (CURVE 1 OF FIG. 1) 


Mobility No of Sample Standard 95% Confidence Limit 
Ratio Samples Mean Deviation For True Mean 
M N Y Ss Lower Upper 
0.0366 3 77.8 
0.222 3 75.2 
1.00 1] 66.7 0.75 66.3 67.1 
1.40 3 63.5 
2.40 3 55.8 
2.95 7 51.4 77 50.0 52.8 
4.6 10 45.2 1.10 44.5 45.9 
7.9-8.6 4 39.8 
12.9 4 34.1 
17.3 9 30.8 2.12 29.5 32.2 
23.4 4 29.9 
27.0 7 26.6 2.88 24.9 29.1 
38.2 W 24.0 2.50 23.5 25.5 
71.5 6 20.9 1.92 19.5 22.4 
130.7 3 17.7 
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sharp boundaries, these quantities would be equal. The 
areas at breakthrough are shown in Fig. 1 by Curve 2. 
For M = 1, the area contacted is equal to 70.5 per 
cent of the total area, which is in good agreement with 
breakthrough sweep efficiencies for a five-spot reported 
in the literature. 

The difference between areas contacted and the cor- 
responding volumetric injection (values of Curve 2 less 
those of Curve 1) is a measure of the size of the mix- 
ing zone between the two miscible phases. This mixing 
will be discussed later in more detail. 


COMPARISON WITH RESULTS REPORTED IN THE 
LITERATURE 


There is considerable disagreement in the literature 
on the effect of mobility ratio on breakthrough sweep 
efficiency. A summary of data presented by Aronofsky 
and Ramey’ and data from Refs. 6 and 10 are given in 
Fig. 2. The two curves of Fig. 1 (replotted in Fig. 2) 
agree well with published data in the region of unit 
mobility ratio, but deviate. from previously reported 
results at both high and low mobility ratios. 

A short discussion may be in order to point out the 
differences in the experimental systems used. In the 
potentiometric’ and the electrical resistance network’ 
models, there is no tortuous flow through the porous 
medium; and, in addition, the experiments have to be 
conducted in steps. In the fluid mapper’ continuous 
flow exists, but here too the porous medium is not 
present. When flow is conducted in the absence of a 
porous matrix, results are apparently more optimistic 
as compared to results obtained from flow experiments 
on sand models. In the X-ray shadowgraph technique, 
actual porous models were used.”” The disagreement 
between the X-ray shadowgraph results and those pre- 
sented in this paper for high mobility ratio may be due 
to the difficulty in obtaining good resolution in the 
X-ray method for the highly irregular fronts encoun- 
tered at high M. It is not apparent why the differences 
are so pronounced for favorable mobility ratios (M<1). 
Total (100 per cent) sweep at breakthrough was never 
achieved in the present study even when the drive was 
27 times as viscous as the oil in place (M = 0.0369). 
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AFTER BREAKTHROUGH 


To determine the influence mobility ratio has on the 
area contacted by the drive after breakthrough, addi- 
ional two-zone miscible runs were made in which the 
displacement was continued until three pore volumes 
were injected—or until almost complete oil recovery 
was achieved. Fig. 3 shows the curves obtained when 
the area contacted is plotted vs pore volume injected. 
Only at favorable mobility ratio was a complete sweep 
obtained. At increasing values of mobility ratio above 
one, progressively more of the area of the model re- 
mained unswept, even after three pore volumes of the 
drive fluid were injected. 


VISCOUS FINGERING 


QUALITATIVE BEHAVIOR 


The progress of the displacement front can be studied 
best by examining color photographs taken at intervals 
during the flood. A white and black reproduction from 
a color slide is shown in Fig. 4. Traces of displacement 
fronts until breakthrough for six mobility ratios are 
presented in Fig. 5. 


FAVORABLE MOBILITY RATIO 


For M<1, the front is essentially radial until the 
drawdown from producing well causes a center finger 
to develop that moves ahead toward this well. For 
M = 0.151, the influence of the outlet is not apparent 
until about 70 per cent of the oil in place has been re- 
covered (Fig. 5A). With an increase in mobility ratio, 
the distortion of the radial front occurs progressively 
earlier and the single center finger grows progressively 
wider. At M = 1, the radial flow pattern starts to 
assume a definitely square shape at about 0.4 of he 
pore volume injected (Fig. 5B). 
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Fic. 3—Area Contracted By DRIVE AFTER BREAKTHROUGH, 
QUARTER OF A Five-Spor. 
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Fic. 4—DispLaceMenT Front at BreakTHRoucGH, M = 71.5. 
(REPRODUCTION FROM A COLOR SLIDE.) 


ADVERSE MOBILITY RATIO 


For M>1, viscous fingers start to develop early in 
the displacement independently of the effect caused 
- by the outlet well. Although the geometry of. indivi- 
dual fingers was different for different runs at the same 


mobility ratio, the general pattern of the irregular front 
was observed to be characteristic for any given ratio. 


Number of fingers: The number of major fingers 
that developed was determined rather early in a run. 
Once the less viscous driving phase protruded into the 
oil, the fingers grew continuously—first radially away 
from the inlet well; then, the direction of flow changed 
toward the outlet with the center finger outgrowing all 
others. The number of the major fingers was relatively 
high for low M (Fig. 5, C and D) and it decreased with 
an increase in M (Fig. 5, E and F). The size of these 
major fingers grew relatively larger with an increase in 
M. 

Shape of fingers: Once a finger developed, it did 
not grow to a point but formed a rather blunt front 
with small fingers developing on its sides. This perhaps 
may be explained by the following reasoning. At the 
foremost edge of the finger, there is mixing between 
the two fluids, resulting in a zone of graded viscosity 
that dampens further growth of the finger. On the side 
of the finger, however, mixing is less and a greater 
viscosity difference exists between the two fluids, pro- 
moting the development of new fingers. 


Shifting of fingers: Before but especially after break- 
through, the change in direction of flow toward the 
producing well as the drive progresses forces the oil 
entrapped between the fingers to occupy areas previous- 
ly swept by the drive. To some degree, this is shown 
in Fig. 5 (D and E). 
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QUANTITATIVE MEASURES OF 
DEGREE OF FINGERING 

The qualitative aspects of viscous fingering have just 
been discussed. One may wonder whether there exists a 
direct quantitative relationship between mobility ratio 
and the degree to which these fingers develop. We have 
seen that, as M is increased, the invading fluid fingers 
move into the oil and the efficiency of the process is 
reduced. However, since the length of the interface 
between the two zones is directly related to the number 
and length of the fingers, it should provide a good quan- 
titative measure of the influence mobility ratio has on 
viscous fingering. These lengths of the interfaces were 
measured at various M-values for different values of 
pore volume injected. 


FAVORABLE MOBILITY RATIO 


For the region of favorable mobility ratio, very little 
change in the length of the interface as a function of 
mobiliy ratio was observed. This is, of course, due 
to the fact that in this range no viscous fingers are 
formed. 


ADVERSE MOBILITY RATIO 


For values of M > 1, the interface becomes progres- 
sively more irregular and grows rapidly with an increase 
in M as well as with the amount of the displacing fluid 
injected. The degree of fingering is defined here as the 
ratio of the length of an interface at any value of M 
to the length of a circular arc for the corresponding 
volume of fluid injected. Data on the degree of finger- 
ing are presented in Fig, 6. 


GROWTH OF THE MIXING ZONE 


The purpose in applying a miscible displacement pro- 


cess is to avoid leaving residual oil, such as is left be- 
hind a gas or a water drive. It has been implied that 
a relatively small miscible slug, amounting to several 
per cent of the hydrocarbon pore volume, will practi- 
cally “clean out” all of the oil from all of the area it 
will contact. The size slug that)is required is primarily 
a function of the rate of deterioration of the miscible 
zone, which is acually the rate at which the mixing 
zone beween the fluids develops. 


ONE-DIMENSIONAL SYSTEM 

The length of the mixing zone for flow in capillary 
tubes was considered theoretically by Taylor” and Aris* 
and extended to flow in porous media by von Rosen- 
berg*® and Blackwell, Terry and Rayne.’ For a one- 
dimensional flow system having fluids of equal viscosity 
and density, the length of the mixing zone was found 
to be proportional to the square root relationship on the 
basis of laboratory experiments, and this relationship 
has been further substantiated by experimental work of 
Arnold, Stone and Lufel.“ Close agreement with the 
square root relation was also obtained by Slobod, 
Burcik and Cashdollar” for mobility ratios greater 
than unity. 

However, the theoretical considerations were based 
on fluids of equal mobility and density, and most of 
the laboratory experiments were conducted on “uni- 
dimensional”, small-diameter, long cores. Both of these 
approaches have not included the effect of viscous 
fingering on the growth of the mixing zone but, basi- 
cally, have assumed a constant-size interface between 
the fluids throughout the entire displacement. 


Two-dimensional flow was shown in some of the 
model studies presented by Blackwell, et al.‘ Viscous 
fingering at adverse mobility ratios was demonstrated in 
this study. In another laboratory experiment by Lacey, 
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et al,” where a 6-in. diameter core was used, the length 
of the mixing zone at high mobility ratio exceeded the 
length of the 36-ft core; whereas, a mixing zone of only 
20 ft was observed in a 2-in. diameter core. 


Two-DIMENSIONAL SYSTEM 


EFFECT OF MOBILITY RATIO 


For the flat-model flow experiments reported here, 
the predominant effect of mobility ratio on the growth 
of the mixing zone is most apparent. As the viscous 
fingers develop, for M > 1, the length of the interface 
between the phases increases, permitting an accelerated 
rate of mixing. The difference between the fractional 
pore volume injected and the corresponding fractional 
area contacted by the invading fluid, as pointed out be- 
fore, is a measure of the mixing zone between the two 


fluids. More specifically, it measures how much area— 


has been contacted by displacing fluid above what would 
have been contacted had the displacement been piston- 
like (no mixing whatever). The quantity of displacing 
fluid ahead of the ideal piston-like displacement front 
is, Of course, balanced by an equal amount of original 
in-place fluid which is left behind the “ideal” front. 
Thus, the total mixing zone is equal to approximately 
twice the size as measured by the difference between 
Curves 1 and 2 of Fig. 1 (assuming equal areas of 
mixing zone ahead and behind the “ideal” front). The 
size of the mixing zone at breakthrough, compared with 
the swept area, increases greatly with an increase in 
mobility ratio for M > 1. For example, when M = 50 
nearly 60 per cent of the area contacted at break- 
through is composed of the mixing zone, whereas only 
about 14 per cent of the area is occupied by the mixing 
zone when M = 2. Also, at low mobility ratio the mix- 
ing zone grows slowly at the beginning of the displace- 
ment and more rapidly as the breakthrough point is 
approached; whereas, at high M the mixing zones start 
to grow at high rate right from the start. This is shown 
ing Fig. 7 where the size of the mixing zone for two 
fluid displacements is plotted vs pore volume injected at 
different mobility ratios. 

The distribution of the slug is also determined by the 
mobility ratios. For favorable and very low M, the slug 
exists as a concentrated band between the oil and the 
drive (Fig. 8); the mixing zones at the leading edge 
and trailing edge of the slug both are relatively uni- 
form in “length”, and it is possible to speak of an aver- 
age “length” of the mixing zones. (It is common in the 
literature to speak of the length of the mixing zone, 
although width or breadth would seem to be a better 
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Fic. 8—DistrisuTion oF MiscisLe Stuc at Low Mositity 
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term for a radial system such as we are considering 
here.) At higher M, however, the slug does not exist 
as a band, but it is irregularly distributed along the 
fingered interfaces (Fig. 9); it is mainly concentrated 
at the tips of the fingers. At breakthrough, for example, 
the slug has been so far relocated that a portion of the 
interface is composed of oil-drive contact, primarily on 
the sides of the viscous fingers, with no slug in between. 
Thus, at high M-any attempt to correlate even an aver- 
age “length” of the mixing zone is meaningless, and we 
have to describe this zone by more than one dimension. 

In contrast to the low efficiency experienced at high 
M, a 10 per cent slug at low mobility ratios proved very 
efficient (Table 3b). The production histories of these 
two runs are shown in Fig. 10. 


REGION OF TOTAL OIL RECOVERY 


The mixing zones described and measured previously 
are primarily those between the leading edge of the 
slug and the oil. The mixing that took place between 
the drive and the slug could not be measured directly. 
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TABLE 3 — EXPERIMENTAL CONDITIONS AND RESULTS, MISCIBLE SLUG RUNS 


Conditions at freaktnrough 
(per cent) 


Region of Minimum* 
Mobility Ratio Of Slug Of Drive Total Recovery eee 
Run Oil-Slu Slug-Drive Oil-Drive Slug Size Total Oil Area Total Oil Area Per Cent oncent. 
No. ire pare Ho/fa Per Cent P.V. Produced Contacted Produced Contacted Total Area Vol Per Cent 
74.9 0 13.1 

11.3 6.63 74.9 10 27.6 37.5 
24 6.63 74.9 10 34.6 37.5 
25 ice} 6.63 74.9 10 26.4 33.5 10.9 37.5 
33 11-3 6.63 74.9 15 35.0 42.7 $4.8 21a 37.5 
36 13 6.63 74.9 20 31.5 40.5 40 4 47.5 26.2 37.5 
68 is 6.63 74.9 25 37.0 58.0 48.9 37.5 
(b) 141 27.1 1.72 46.6 10 er4 66.0 
142 1.59 1.25 1.99 10 58.4 76.5 82.5 


* Minimum solvent concentration in the mixture for complete miscibility. 


The total effect of both mixing zones is that the slug 
may be diluted below its critical concentration for com- 
plete miscibility. When this happens, miscible displace- 
ment no longer takes place, and we have instead an 
enriched-gas drive with residual oil left behind. As the 
process continues, further dilution of slug makes the 
displacement approach an ordinary gas drive. 

In the experiments where a miscible slug was used, 
it was possible to distinguish the point where the slug 
had been diluted below the critical concentraion. The 
presence of the undyed residual oil made the area of 
partial miscibility appear lighter. The “region of total 
recovery”, indicated around the injection well (lower 
right corner) in Fig. 9, is interpreted to mean _ that 
on'y in this region was the slug fully effective and that 
the remainder of the contacted area was swept by an 
omy partially miscible drive. 


EFFECT OF SLUG SIZE ON BREAKTHROUGH 
OIL RECOVERY 


The effect of slug size, from 10 to 25 per cent of 
total oil in place, on oil recovery was investigated in 
the runs listed in Table 3a holding the mobility ratio 
constant. In Run 26, without the miscible slug, only 
13 per cent of oil in place was recovered at break- 
through. No attempt was made to scale the capillary 
forces that existed in this immiscible drive. With a 
mobility ratio between the drive and the oil of 74.9 
and between the drive and the slug of 11.3, oil produced 
at drive breakthrough increased linearly with the size 
slug used (Fig. 11); the size of the region of total 
recovery, of course, increases as the size of the miscible 


slug is raised (Table 3a). Linear increase of this region: 


with slug size is also apparent from the plot in Fig. 11. 
When the slug amounted to 10 per cent of the oil in 
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place, it deteriorated prematurely letting the driving 
phase penetrate through it and reach the producing 
well first. Not much of the slug remained in the model 
after a total of 1.0 pore volume was injected. The 15 
per cent slug reached the outlet approximately at the 
same time the drive did; and, in runs where the miscible 
slug was more than 15 per cent, the slug broke through 
ahead of the drive. Thus, the optimum size slug, in the 
sense of being that size at which the slug arrived at the 
outlet simultaneously with the driving fluid, amounts to 
approximately 15 per cent of total pore volume for the 
system under investigation. 


BEHAVIOR OF THE MISCIBLE-SLUG PROCESS 
IN ACTUAL RESERVOIRS 


Early breakthroughs of the injected slug material and 
extensive fingering in miscible displacement field opera- 
tions have been reported in many fields.*”™” 

Direct correlation of results obtained on the homo- 
geneous two-dimensional models with field performance 
is not possible. Permeability stratification in the reser- 
voir, free gas saturations and gravitational separation 
will modify the field behavior. Although no significant 
difference in the effect mobility ratio had on oil re- 
covery was observed between 414- and 15-in. models, 
the assumption of equivalent behavior of viscous fingers 
on a much larger scale (hundreds or thousands of feet) 
is a rather extensive extrapolation. Nonetheless, on a 
comparative basis, the high degree of fingering and 
early breakthrough associated with adverse mobility 
ratio in the models strongly indicate similar performance 
in the field. The model studies may also provide a rela- 
tive measure of field performance as influenced by 
mobility ratio. The LPG breakthroughs reported in field 
operations are even earlier than those observed in the 
laboratory models. This might be caused by permeable 
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Streaks in the reservoir sands, different geometry, gravi- 
tational fingering and by the presence of zones of high 
free gas saturation that act as transmitting channels of 
low resistance to the injected LPG slug and the driving 
gas. 

The laboratory experiments were conducted at rates 
at which molecular diffusion did not contribute ap- 
preciably to mixing. This was indicated by the fact that 
similar results were obtained at different rates, The fact 
that molecular diffusion is not an important factor in 
the mixing mechanism of fluids during solvent floods 
under field conditions was shown by Handy.” 

Even though no direct quantitative correlation be- 
tween the model studies and field performance can be 
made at this time, the following statements will apply 
in qualitatively predicting reservoir behavior during the 
miscible displacement slug process. 


1. At high mobility ratio, extensive fingering will 


develop in the reservoir regardless of its heterogeneity. 
The miscible displacement process is primarily controlled 
by viscous fingering. 

2. Whenever there are permeable streaks within the 
sand, primary fingers will develop and follow the high- 
permeability zones. Additional viscous fingers at high 
mobility ratio will be created in the tight and the 
permeable sections. 

3. The size of the mixing zones (and, thus, the dura- 
tion of the miscible slug) is a function of mobility 
ratio. These zones increase with an increase in M, main- 
ly because there is available a larger interface between 
the phases that promote mixing. Therefore, the efficiency 
of the slug is drastically reduced with increasing M. 

_4. Because of the initial radial flow (even for a line- 
or a Staggered-line-drive) the length of the interfaces 
also increases with distance away from the injection 
well. 

5. In the presence of fingers (at high M), the slug 
will not be evenly distributed between the oil and the 
drive. Therefore, any calculations using the “length” of 
the mixing zone as determined by the “dispersion” 
equations for an idealized system are highly optimistic 
when applied to actual reservoirs. 

6. Results from field projects tend to substantiate the 


fact observed in the laboraory—that, at high M, a 10 — 


per cent slug is not sufficient to sweep out all of the 
oil from all of the area it will contact.* 

7. At low M (i.e., M = 2), in addition to an in- 
creased areal coverage, the slug will remain more as a 
band between the oif and drive; therefore, the micro- 
scopic sweep efficiency will be greatly increased. Only 
for mobility ratios in the favorable range can the “mini- 
mum.” size of miscible slug be extrapolated from results 
of experiments conducted on one-dimensional systems. 

Results of this investigation, supported by field evi- 
dence, clearly indicate that the efficiency of a miscible 
displacement process utilizing a low-viscosity slug and 
gaseous drive will be less than has been anticipated. 
Logically, then, to improve this efficiency we have to 
improve the mobility between the fluids involved. Work 
conducted in evaluating some proposed methods”” to 
improve the adverse mobility conditions and results of 


*In the laboratory experiments presented in this report, 100 per 
cent vertical sweep was maintained throughout the displacements. 
In any field operation, the vertical sweep would be less than 100 
per cent and an equivalently sized slug would travel through a pro- 
portionately smaller volume, This should result in a greater micro- 
scopic sweep efficiency of the portion contacted. For example, a 10 
per cent slug that would contact only 50 per cent of the vertical 
cross section should be equivalent to a 20 per cent slug for the 
region swept. 
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related investigations are beyond the scope of this paper. 


CONCLUSIONS 


The artifically consolidated sand models developed 
and utilized for this investigation proved adaptable for 
experiments even at the high mobility ratios encountered 
at actual reservoir conditions for miscible displacement. 
Lower areal sweep efficiencies from those reported in 
the literature were determined for mobility ratios on 
either side of M = 1. 


An orderly behavior of viscous fingering in homo- 
geneous porous media exists, and this behavoir can be 
quantitatively correlated with mobility ratio. The size of 
the mixing zone between miscible fluids increases with 
an increase in M. This is true because the higher the 
mobility ratio, the greater the degree of fingering; a 
larger interface is formed that promotes mixing. Where 
viscous fingers are formed, the slug is unevenly dis- 
tributed along the front, and we have to describe the 
mixing zone in more than one dimension. 


The calculation of the “length” of a mixing zone by 
the application of a theory derived for idealized condi- 
tions, or from laboratory tests on one-dimensional sys- 
tems, is unreliable when applied to reservoir conditions. 


Laboratory two-dimensional flow experiments pre- 
sented in this paper, supported by field evidence, indi- 
cate that at high mobility ratios a miscible slug amount- 
ing to 10 per cent of the oil in place will deteriorate 
after only a small fraction of the reservoir has been 
swept. As a result, an enriched-gas drive that will ap- 
proach an ordinary gas drive will take place as the dis- 
placement progresses. Therefore, the argument that a 
small miscible slug followed by gas drive is sufficient to 
“cleam out” completely all of the space contacted in a 
three-dimensional reservoir lacks supporting evidence 
and is contradicted by the data developed in this study. 

It is finally concluded that, unless the adverse mobility 
ratios that exist in a miscible-slug dry-gas process are 
corrected, this process will be very limited for economic 
field application. 


NOMENCLATURE 


kel pe 
wy 
k, = effective permeability to the displacing fluid 
k, = effective permeability to the displaced fluid 
[lz = viscosity of the displacing fluid 
= viscosity of the displaced fluid 
L/Lo = degree of fingering 
L = length of interface 
Lo = length of interface for “ideal” piston-like 
displacement (circular arc) 
pf» = oil viscosity, cp 
= slug viscosity, cp 
pa = drive viscosity, cp 
P.V. = pore volume 
B.T. = breakthrough 


| 


= mobility ratio 


| 
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Approximation of Gas-Drive Recovery and Front 
Movement in the Abgaig Field, Saudi Arabia 


L. T. STANLEY* 
MEMBER AIME 


ABSTRACT 


A method is described whereby the behavior of the 
front is approximated when gas is injected into a thick 
reservoir having reasonably homogeneous properties. 
The method is applied to the Abgaiq field of Saudi 
Arabia, The producing member is the Arab-D, a high- 
permeability calcarenite which has no continuous bed- 
ding planes. 


Field performance indicates the injected gas to be 
- partially miscible with the reservoir oil because gas 
volume factors experienced are lower than those pre- 
dicted by the gas law. Equilibrium calculations confirm 
this and also show that the volume factor may vary 
appreciably, depending on the relative quantities of oil 
-and gas in contact in the reservoir; consequently, volu- 
metric balances are made for the purpose of determin- 
ing the behavior of the gas volume factor during injec- 
tion history. 

The effect of gravity segregation on position and 
shape of the gas front is approximated by dividing the 
producing section into three zones vertically and trac- 
ing the movement of the average interface in each zone, 
with counterflow of oil and gas taking place between 
zones behind the front. This results in a gas front that 
advances more rapidly along the top of the formation 
thaa along the base, producing an “umbrella” effect 
in cross section that becomes more pronounced as the 
front progresses. 

The calculations cover the gas-injection period of 
Abgqaig field history through 1958, and the position of 
the gas front is plotted at one-year intervals, Finally, 
some comparisons between the calculated frontal posi- 
tion and the gas-oil contact as measured by neutron 
logs are made. 


INTRODUCTION 


Fig. 1 is a structure contour map of. the Abgqaiq 
field. For analytical purpeses, the field has been divided 
into two areas designated A and B, as shown on the 
map. 

Gas injection into Area A was begun in early 1954 
into two wells located near the crest of the structure 
on the north-south axis of the anticline. During the 
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period covered by this paper, the average injection rate 
has been 122 MMscf/D with a maximum sustained 
rate of 160 MMscf/D. The reservoir pressure has been 
maintained at 2,450 psig since start of gas injection. 


The reservoir originally was undersaturated but, prior 
to pressure maintenance, the pressure was drawn below 
the bubble point in most of the Area A section, creat- 
ing an in-place free-gas saturation of 8 per cent at the 
crest of the structure. The average critical gas satura- 
tion is 13 per cent established by laboratory core 
tests. That the entire reservoir remained below critical 
gas saturation prior to gas injection is borne out by the 
fact that none of the crestal wells have exhibited high 
gas-oil ratios during production history. 


The Area A reservoir is a carbonate section about 
200-ft thick having average porosity and permeability 
of the order of 22 per cent and 500 md, respectively. 


The productive horizon is the Arab-D member of 


Jurassic age and is encountered at an average depth of 
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6,500 ft. It is a calcarenite primarily of pellet type, 
although there is a considerable amount of true oolite 
having well developed concentric structure with some 
dolomitization. There is considerable heterogeneity, but 
there are no continuous bedding planes; tight stringers 
usually cannot be correlated from one well to another. 
The member is overlain by a section of anhydrite. There 
is no evidence of faulting. Maximum closure at the 
oil-water contact is about 1,400 ft. Formation dips 
range from 3° to 4° near the crest to 10° on the flanks 
at the oil-water contact. 


The gas being injected is first-stage separator gas 
taken at a pressure of 500 psig. Equilibrium calcula- 
tions and material balance on the reservoir indicate that 
this gas is partially miscible with the reservoir oil; 
therefore, appropriate corrections to the gas volume 
factor must be made when volumetric benefits are com- 
puted. 


To permit estimates of recovery and future workover 
requirements, it is desirable to know (at least qualita- 
tively) the behavior of the gas bubble being propagated 
in Area A. Because of the wide spacing of wells, es- 
pecially near the crest, it will be necessary to rely 
largely on analytical results rather than on observa- 
tions during the early stages of gas injection. Of course 
the analytical method must be adjusted as necessary to 
take advantage of whatever field results become avail- 
able. : 


Field observations have shown that none of the more 
commonly used simplifications of gas displacement be- 
havior gives a satisfactory definition of the gas front in 
Abgqaiq. An indication of a strong gravity-segregation 
effect is offered by the facts that the section is thick, 
there are no impervious bedding planes in the reservoir 
and isobars assume a contour pattern. This gravity 
effect may have a profound influence on the shape of 
the gas bubble and the recovery by gas displacement. 
This paper presents a technique which attempts to ap- 
proximate the behavior of the gas bubble under the 
influence of gravity segregation during the period from 
1954 to the end of 1958. A comparison is made be- 
tween the computed gas-oil contact and the few field 
measurements that are available. 


FIELD HISTORY 


The Abgqaiq field was discovered in 1940, but full- 
scale development did not begin until 1946. 


At present there are 63 producible wells in the field. 
They are drilled on a contour pattern, and the average 
spacing is about 5,000 ft. 


Initial pressure at —6,500-ft datum was 3,395 psig 
and the bubble point of the reservoir fluid is 2,520 
psig; theretore, the reservoir was undersaturated at dis- 
covery. 


Average solution gas-oil ratio is 950 scf/STB, and 
there has been essentially no change in the producing 
gas-oil ratio up to the present time. Separation is made 
at centralized separator plants, of which there are three 
—one in Area B and two in Area A. The crude goes 
through separation stages of 500, 250, 50 and 2 psig. 


In early 1954, pressure maintenance was initiated in 
Area A when datum pressure had reached 2,450 psig. 
Pressure was maintained by injection of gas into Wells 
6 and 50 near the crest of the structure. Pressure main- 
tenance was begun in 1957 in Area B by peripheral 
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water injection. The Area A and B pressures are to 
be maintained as nearly equal as possible. In 1958 a 
third gas-injection well, Well 80, was drilled north of 
Well 50 to permit better distribution of injection and 
to lower the injection-plant discharge pressure. This 
well provided an opportunity to measure the gas-oil 
contact in the northern portion of Area A. 

As of the end of 1958, cumulative withdrawals were 
1.4 billion STB and the average daily production rate 
was 27,000 STB. Fig. 2 summarizes the field’s produc- 
tion history. 


GAS VOLUME FACTOR 


If it is assumed that equilibrium gas is being injected 
into the reservoir, the average volume factor will be 
1.22 reservoir bbI/Mscf. This value was used originally, 
but after two or three years of injection history it was 
found that it was necessary to employ a value about 
15 per cent lower to produce a history match on the 
resistor-condenser network analyzer. This created the 
suspicion that a portion of the injected gas may be 
going into solution with the reservoir oil. A series of 
equilibrium calculations were then made, and these 
showed that the volume factor may vary from 0.70 to 
1.22, depending on the relative quantities of injected 
gas and reservoir oil in contact. This being the case, it 
could be anticipated that the gas volume factor may be 
variable with time. 


A material balance was employed for estimating the 
time-wise behavior of the gas volume factor. The bal- 
ance was made at six-month intervals for Area A cov- 
ering the period from first production to start of gas 
injection. An empirical water-influx function was cal- 


culated at each time-step by the relation W, = SAp/j(t). 


j=l 

Log f(t) vs time was plotted and the curve was shifted 
to produce a straight line which was extrapolated 
through the injection-history period. From this extra- 
polated curve the water influx from 1954 through 1958 
was calculated; this influx then was employed in the 
material balance to calculate the gas volume factor at 
various times during this period. The results are shown 
in’ Fig..3. 


It will be noted that the volume factor was near an 
equilibrium factor at start of injection, then decreased 
to a minimum, after which there was a constant in- 
crease back toward an equilibrium value. This may be 
rationalized by reasoning that, initially, the swept area 
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Was very small and the incoming gas did not contact 
a large volume of oil; but, as the swept area increased, 
larger quantities of oil were contacted to provide great- 
er access to the soluble components. However, as a 
stable front was produced, the incoming gas contacted 
only oil which already was in equilibrium with it; there- 
fore, it once again approached the behavior of an equi- 
librium gas. 


The gas-volume-factor curve shown in Fig. 3 was 
used to determine the effective injection rates for fron- 
tal-advance computations. 


METHOD OF ANALYSIS 


In approximating the advance of the gas front, an 
attempt was made to define the effect of gravity seg- 
regation on frontal position and configuration. 


The productive member was divided into three lay- 
ers, Or zones, as shown by the sketch in Fig. 4. The 
zonal boundaries were picked generally on the basis of 
permeability and porosity distribution in the section. 
Fig. 5 shows the average depth-wise distribution of 
porosity and permeability in Area A. As far as can 
be established from the available core data, individual 
_ well sections do not vary too greatly from this average 
pattern. Zone A is 80-ft thick and Zones B and C are 
60-ft thick each. The average physical properties of 
these zones were estimated from a compilation of core 
data and were assumed uniform over the area under 
study. These properties are summarized in Table 1. 


_It-will be noted that the relative injectivity (i.e., the 
ability of a zone to take fluids in relation to the entire 
member) is in direct ratio to the darcy-feet of that zone. 
This parameter was treated as a constant throughout 
injection history because, when considering a linear sec- 
tion of the reservoir from an injection well to the out- 
flow face, the length influenced by wellbore build-up 
is small in relation to the total length of the system; 
but it is this small length which will control the injec- 
tivity. This small segment of the system has undergone 
many pore volumes gas throughput; for practical 


purposes, therefore, its saturation may be assumed con- — 


stant during most of injection history. 


The advance of the average gas-oil interface with 
time was calculated for each zone with counterflow 
of oil and gas taking place between zones behind the 
front. This vertical transfer of fluids plus the effect of 
relative injectivity results in different frontal velocities 
in the three zones. 
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The nomenclature pertinent to Fig. 4 is as follows: 
p; = datum pressure at influx face, 
p. = datum pressure at outflow face, 
i, = gas-injection rate, 


do» = Oil drainage rate in vertical direction, 
ov = gas drainage rate in vertical direction, 
A = area swept to time f¢, 
AA = area swept in time increment Af, and 
As = linear distance advanced by front in time 


increment Ar. 
The analysis depends upon the following assumptions. 


1. p; — p. is constant and there is pressure equilibri- 
um between zones; therefore, the only pressure difference 
causing flow of oil and gas between zones is that caused 
by the differential gravity head between oil and gas. 


2. In Zone A, the bubble expands at a rate AA/At 
directly proportional to injection rate i,, inversely pro- 
portional to displacement efficiency E,, and porosity ¢, 
and directly proportional to original gas saturation S,,. 
This assumption is made on the basis that any exchange 
of fluids in the vertical direction must take place behind 
the Zone B front. Forward movement of the front in 
Zone A, then, is independent of gravity effects because 
there can be no loss of injected gas across the capping 
plane and because of the assumption of pressure equilib- 
rium, any oil-draining downward from Zone A must be 
balanced by an equal quantity of gas migrating upward 
from Zone B. 
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TABLE 1 — BASIC PROPERTIES OF ARAB-D MEMBER IN AREA A 
OF ABQAIQ FIELD, SAUDI ARABIA 


p ka kh Relative Sw 

Zone (%) (md) (Darcy-ft) Injectivity (%) 
A 22.6 577 46.2 472 7.0 
B 22.6 550 33.0 YA 7.0 
G 16.4 311 18.7 191 8.0 


3. The front represents breakthrough, and the gas 
saturation behind the front for practical purposes can 
be expressed by a single average value. 


4. In Zones B and C, the bubble expands at a rate 
AA/At directly proportional to i, — qg,., inversely propor- 
tional to displacement efficiency and porosity, and di- 
rectly proportional to original gas saturation. Because 
oil has a lower mobility than gas at the saturations of 
interest and the conditions of pressure equilibrium 
must be satisfied, all vertical migration will be controlled 
by the oil drainage rate. Therefore, 


BOA = (ov) and (qu) C>B = (dor) BoC. 


5. The rate of oil drainage at any time can be ex- 
pressed by the linear darcy equation, 


(Krol bo) (Krol po) 
or, more simply, above the critical gas saturation by 
bo 
where q,, = gravity drainage rate, reservoir B/D, 
k,» = effective vertical permeability between 
zones, darcies, 


doo — 488 


A = reservoir area bounded by the front in the 
next lower zone (ie., for (q..)A—>B, 
A = Az, and for (q..)BOC, A =Ac), 

po = Specifiic gravity of reservoir oil, 


Po = specific gravity of reservoir gas, and 
k,. = relative permeability to oil, fraction. 


6. At any time ¢, the rate of bubble expansion in 
Zones B and C is a function of i, and q,, as stated be- 
fore. The gravity drainage rate q,, is controlled by k,, 
which is a function of saturation; therefore, g,,, A and 
k,. are variable with gas saturaticn, Differentiating Eq. 
2 with respect to gas saturation, the gravity drainage 
rate from Zone A to Zone B with respect to Zone A 
saturation becomes 


og, ( dhe ) ( \: 


AS gas AS ga: AS yas 
And, from Zone B to Zone C, 
dk, dA, 
dS ym ) ) 


7. At any time ¢, the gas saturation in the various 
elements of the three zones is as follows. 


d Eee (5) 
ov )dt 
= Ey = | vi 
Ag(1—Suc) dcho 


For an explanation of nomenclature, refer to Fig. 6. 


8. The area swept by the gas bubble in each zone 
during incremental time is 
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Zone A: 
i,adt 
10 
Zone B: 
dA, = 
heds(1 Swe) (Ea Soi) 
Zone C: 
| 0.488 k,, (=) dt 
dAg = 


9. At any time t, the cross-sectional configuration of 
the gas front can be approximated by a line drawn 
through the mid-point of the interface in each zone in 
the manner shown by Fig. 7. The areal configuration 
of the gas bubble must be determined from field ob- 
servations. 


APPLICATION OF METHOD 


It will be seen that displacement efficiency E, is a 
very important factor in. the entire treatment. The dis- 
placement efficiency as represented here is the average 
gas saturation behind the front at breakthrough when 
all flow is constrained parallel to the formation dip. In 
other words, this is the recovery that would be opera- 
tive in those elements of the reservoir not subject to 
vertical transfer of fluids. 

Assuming that the viscosity ratio and average angle 
of dip are fixed, the displacement efficiency, then, will 
vary with permeability, injection rate and flow velocity. 
These latter two parameters will vary throughout in- 
jection history; therefore, it will be necessary to treat 
E, incrementally as a variable. E; was computed by the 
method of Welge’ and is presented in Fig. 8 as a func- 
tion of i,/A,, the velocity of approach. In the incre- 
mental computations of SAA, the parameter i,/A, was 
estimated at each time-step and the appropriate value 
of E, was read from Fig. 8. 


To the end of 1958, 217,707 MMsci of gas had 
been injected into Area A by way of Wells 6 and 50. 
The average daily injection rates py years in each zone 


t 


A 


ZONE B 
ZONE C 


t 


Fic. 7—MerTHop or APPROXIMATING THE CROSS-SECTIONAL 
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in each well are shown in Table 2. The zonal rates 
were calculated using the relative injectivities shown 
in Table 1 and were converted to terms of reservoir 
barrels by the volume factors shown in Pig; 3: 

An approximation of SAA ys time in each zone was 
made by direct solution of Eq. 10 and by trial-and- 
error simultaneous solution of Eqs. 5 and 11, and Eqs. 
6 and 12. Initial time, t = 0, was taken as the date 
of first injection, which was April 1, 1954. Arbitrary 
time increments At were selected, starting at ¢ = 0, and 
AA was calculated in each zone in the manner shown 
by example in the Appendix. At any time t = SAt, 
A = SAA. It was necessary to select very small values 
of At initially because the system is radial and at this 
point AA/At is changing rapidly; however, later time 
increments could be much larger without appreciable 
effect on the result. The initial time increment was 10 


days, but by 1956 it was possible to use a one-year in- — 


crement. 


RESULTS 


At any time after start of gas injection, the break- 
through recovery may be estimated by an accounting 
of all the gas within the swept portion of the reservoir 
by use of the relation, 

R= 
_ Fig. 9 shows recovery vs time from start of gas injec- 
tion through 1958. : 


If the swept areas are placed on a map in the proper 
configuration, the position of the gas-oil contact in each 
zone at any time can be predicted. Prediction of the 
-aréal configuration is a matter of judgment based on 
whatever field observations are available. For this pur- 
pose, Abqaiq Wells 1 and 2 are key observation points 
because of their proximity to the injection wells. From 
the observation that gas has not entered Well 1 and 
that there are no adverse pressure gradients existent in 
the field, it was concluded that the gas bubble began 
to assume a contour pattern very early in injection 
history. For a contour pattern to exist, it was necessary 
to assume that a large quantity of the gas injected at 
Well AW-6 must have migrated upstructure (AW-6 


is below the crest, whereas AW-50 is on the crest) at — 


an early date to coalesce with gas from Well AW-50. 


The swept areas about each well were placed on a 
map of each zone in the proper configuration, using 
structure contours as a guide. The map areas were 
established by planimeter. From the three maps, cross 
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TABLE 2 — GAS-INJECTION RATES INTO AREA A OF ABQAIQ FIELD 
EXPRESSED IN THOUSANDS OF RESERVOIR BARRELS PER DAY 


Zone A ZONE B ZONE C 
Year AW-6 AW-50 AW-6 AW-50 AW-6 AW-50 
1954 17.05 22.80 12.20 16.25 6.87 9.17 
1955 25.10 21.90 17.90 15.60 10.15 8.82 
1956 29.55 33.80 21.10 24.10 11.97 13.70 
1957 33.10 40.00 23.50 28.60 13.37 16.22 
1958 29.60 $2.70 21.00 23.30 11.96 13.25 


sections of the gas-oil contact at each year-end were 
drawn as shown in Fig. 10, The leading edge of the 
gas-oil contact was taken from these sections to pro- 
duce the map shown in Fig. 11. 


After preliminary computations had been completed, 
information was obtained which tended to verify the 
assumption of a contour pattern. In May, 1958, Well 
80 was drilled on the axis of the anticline north of 
Well 50. This was drilled as a third injection well to 
improve distribution and to lower the discharge pres- 
sure of the injection plant. Extensive testing of Well 
80 included selective formation tests and neutron log 
runs. Neutron logs were used for locating points of gas 
entry by a technique similiar to that used in Venezuela 
and described by Grosmangin and Walker’. 

The logs were run under two conditions. The first 
run was made with the formation saturated with fluid 
having a high concentration of hydrogen, and sub- 
sequent runs were made under conditions duplicating 
(as nearly as possible) the actual saturation in the 
reservoir. The productive section was drilled with high 
water-loss mud, and the first log was run with mud in 
the hole. The section near the wellbore was thoroughly 
invaded by mud filtrate; therefore, this log gave a good 
measure of porosity. The well was brought in and 
cleaned up, and a log was run through a lubricator with 
the well flowing at a low rate, Intervals having a free 
gas saturation (therefore, a lower hydrogen concen- 
tration) then exhibited a higher deflection on the log 
than previously when they were saturated with filtrate. 
The point of first separation between the static and 
flowing logs was taken as the gas-oil contact. Very good 
agreement was obtained between neutron logs and for- 
mation tests for locating the gas-oil contact, but the 
logs could not be used for quantitative determination of 
gas saturation because the presence of free gas in the 
wellbore obscured the results. 

Near the end of 1958, a workover was performed 
at Well 2, and the gas-oil contact in this well was estab- 
lished by neutron logs. In both wells the entire section 
above the contact was found to be gas-saturated, indi- 
cating uniform invasion. 

A comparison between calculated and measured gas- 
oil contacts at Wells 2 and 80 is shown in Fig. 10. 
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CONCLUSIONS 


1. When gas is injected into a thick, high-permeabil- 
ity reservoir with virtually no bedding planes, gravity 
segregation can have a marked effect on the shape of 
the gas-oil interface, causing the gas to advance more 
rapidly along the top of the formation than along its 
base. 

2. Under conditions such as those existent in the 
Abqaiq field, a high conformance factor may be ex- 
pected. 

3. Under such conditions, early invasion of producing 
wells may necessitate an extensive program of work- 
overs for gas shut-off. 


NOMENCLATURE 


A = area; also a subscript denoting Zone A 
A, = area perpendicular to flow 
B = subscript denoting Zone B 
= subscript denoting Zone C 
C’ = constant of proportionality 
= displacement efficiency 
= cumulative gas injected 
g = subscript denoting gas 
= net formation thickness 
i = subscript denoting initial or input conditions 
i, = gas-injection rate 
j = subscript denoting an increment of a boun- 
ded set 
= effective permeability 
k, = relative permeability 


n = subscript denoting the number of increments 
in a bounded set 

o = subscript denoting oil 

p = pressure 

q. = rate of vertical migration 


saturation 

linear distance 

time 

oil-saturated pore volume swept by gas 
subscript denoting water 

cumulative water influx 

viscosity 

density 

porosity 

angle of dip 
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APPENDIX 


EXAMPLE CALCULATION 


t = 1005 days (end of 1956), and 
At = 365 days. 


IN ZONE A 

A, @t — At = 56.18 X 10° sq ft. 
(The bubbles had coalesced in Zone A in 1955; there- 
fore, after this date Wells AW-6 and AW-50 were 
treated as a unit in Zone A). 

Est. A, @ t — “ZwAt = 80 X10° sq ft 

t,a = 63.35 X 10° reservoir B/D. 

Est. A, @ t —YAt = 3.61 X 10° sq ft 
(from perimeter formed by 80 X 10° sq ft on contour 
pattern). 


Then 
g (63.35 X 10°) (5.61) (365) 
= = 36 ft : 
and from Fig. 8, 
Ey. = 0.251. 
AA, Iga At 


haga(1—S wa) (Ea Soi)a 
(63.35 X 10°) (365) (5.61) 


~ (80) (0.226) (1-0.07) (0.251-0.078) 
= 44.60 X 10° sq ft. 


SAA = 56.18 + 44.60 = 100.78 X 10° sq ft. 
AA,/At @ t 2s = 365 
= 122 xX 10° sq ft/day. 


IN ZONE B 
Well 6: 
A; @t — At = 6.17 X 10° sq ft. 
Average displacement efficiency of Zone A at 1, 
aA 


i[(23.58) (.233) + (32.60) (.253) 
+ (44.60) (.251)] 10° 


100.78 10° 
= 0.248. 
Average gas-injection rate into Zone B to J, 
= (Ati,), +++ + (Ati,) + 


loa >= 


j=l 
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[(275) (12.20) + (365) (17.90) + 
(365) (21.10)] 10° 


1005 

17.50 X 10° reservoir B/D. 
Est. V, = 16.5 ft/year @ t — 
then 

Try 

AA, = 3.70 X 10° sq ft; 
then total average displacement efliciency to ¢ in Zone B, 

[(6.17) (0.280) + (3.70) (0.319)] 10° 
9.87 X 10° 


During the interval t = 0 to #, 
_ (As) ($a) ha (1 (Eve — Soi) 


5.61 SAt 


[(6.17 + 3.70)] X 10° (0.226) 
__ (60) (1 — 0.07) (0.295 — 0.077) 
(5.61) (1005) 
= 4.81 X 10° reservoir B/D 


.319 during Ar. 


= 0.295. 


lop ova 


then 


a= (17.50 — 4.81) (10°) = 12.69 X 10° reservoir 
B/D. 
But, at the same time, S,4, must be such that the rela- 
tive permeability to oil will satisfy the above drainage 
rate, so 


= 0.248 + 
(12.69 X 10°) (1005) (5.61) 0.678 
(9.87 X 10°) (0.226) (80) (1 — 0.07) ee 
Average S,4, during total time interval 
= Ex, + = 0.248 + = 0.463. 


The relative permeability to oil of the typical Abqaiq 
reservoir rock may be expressed in terms of saturation 
by 


= 0.488 Po) As 
(0.488) (0.298) (1.35) (0.433) (9.87 Xx 10°) 
(0.28): 
12.65 X 10° reservoir B/D. 
which checks the 12.69 X 10° reservoir B/D calculated 
by material balance. 
Then, 
SAA, = 9.87 X 10° sq ft, 


and 


10" 


= 10.15 X 10° sq ft/day at t — YAt. 
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n 
j=t 
n 


A similar procedure was followed to compute the 
area swept about Well 50. 


IN ZONE C 
Well 6: 
A; att — At = 5.43 X 10° sq ft. 


The method described for Zone B was followed in 
computing the following Zone C values. 


Exe = 0.295; 
== 
eA = 9.91 X 10° reservoir B/D 
Try 
AA, = 3.00 X 10° sq ft. 
Then, 
Eze = 0.293, 
and 
= _ (Ac) ($e) (he) = Swe) (Exo = Sos) 
gC n 
5.61 
(5.43 — 3.00) X 10°(0.164) (60) 
ee (1 — 0.08) (0.293 — 0.076) 
(5.61) (1005) 
= 2.94 10° reservoir B/D. 
= 10° — 9.94 10° 
= 6.97 X 10° reservoir B/D. 
280 


Acdshs(1 Swr) 
(6.97 10°) (1005) (5.61) 
(8.43 X 10°) (0.226) (60) (1 — 0.07) 


= Ez 


lI 


0.664. 
Average S,,, during total time interval 


= 0.369 
Fan + = 0.295 + = 0.479. 


135 


_ (0.488) (0.228) (1.35) (0.433) (8.43 * 10°) 
(0.28) 10° 
= 6.90 X 10° reservoir B/D, 


which checks the value of 6.97 X 10° calculated by 
material balance. 


Then, 
Sade = 8.43 X 10° sq ft, 
3.00 10° 


365 
= 8.22 X10" sq ft/day at t — “At. 


A similar procedure was followed in computing the 
area swept about Well 50. tke 
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Reactions and Properties of Silica-Portland Cement 
Mixtures Cured at Elevated Temperatures 


— 


F. D. PATCHEN 


ABSTRACT 


Changes in the properties of portland cement upon 
the addition of fine-ground silica are discussed. Data 
were collected from formulations cured for periods up 
to 60 days at temperatures varying from 180° to 350°F. 
Compressive strengths, permeabilities and thickening 
‘times are compared. It is demonstrated that addition of 
find-ground silica in proper proportion results in a 
hydrated cement with superior properties above 230°F; 


i.e., early compressive strengths are higher and increase _ 


with—additional curing, permeabilities are significantly 
lower and thickening times are increased. 


X-ray analysis of hydrated cement samples have been 
used to determine more fully the complex chemistry of 
these systems. Dicalcium silicate alpha-hydrate was 
found in all neat cements cured above 260°F. A* 10 
weight per cent silica addition produced a maximum 
amount of this phase. Xonotlite and tobermorite have 
been identified as hydration products at 320°F in sys- 
tems containing 35 or more weight per cent silica. 
Formation of these components appears to be primarily 
responsible for the gain in strength and reduction of 
permeability observed after the addition of silica. 


INTRODUCTION 


For several years it has been recognized that loss of 
compressive strength occurs when portland cement is 
cured at a temperature above 250°F.** This phenom- 
enon has been called “strength retrogression”. More 
recently it has been recognized that increased permea- 
bility usually is associated with decreased compressive 
strength at these temperatures. At curing temperatures 
above 300°F, these factors reach serious proportions. 
_ A compressive strength loss of 50 per cent between cur- 
ing times of 24 hours and 14 days has been reported,’ 
and pezmeabilities as high as 10 md have been measured 
in neat cements cured at 320°F for seven days.” 


Earlier investigators,’ although unsuccessful in elim- 
inating strength retrogression, stated “. . . .it appears 
possible that by the proper selection of additives for 
cement, strength loss with age at high temperatures can 


Original manuseript received in Society of Petroleum Engineers 
office April 19, 1960, Revised manuscript received Sept. 30, 1960. 


1References given at end of paper. 
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be either eliminated or considerably lessened”. One so- 
lution suggested was the use of a pozzolanic material, 
hydrated lime, and a retarder.* 


Menzel’ in 1934 discovered that portland cement 
containing finely divided silica possessed high compres- 
sive strengths when the curing temperature was 350°F. 
The use of such a composition is now an established 
practice in the manufacture of steam-cured cement 
blocks. It is reasonable to assume that the same bene- 
ficial effect can be used advantageously in high-tempera- 
ture oilwell cementing operations.’ Ludwig’ first men- 
tioned the use of sand for this purpose. Later, a port- 
land cement containing moderate additions of silica 
flour and retarded with CMHEC, a cellulose derivative, 
was recommended for high-temperature application.* 
These formulations have been successfully employed 
in the field.*” 


This paper presents the results of a research program 
to test the efficacy of finely ground silica in increasing 
the compressive strength and reducing the permeability 
of oilwell cement compositions containing portland 
cement. Included also are X-ray diffraction patterns of 
powdered samples which have been used to determine 
some of the important chemical reactions occurring in 
these systems. 


LABORATORY PROCEDURES AND MATERIALS 


All compressive-strength test specimens were pre- 
pared and cured from a slurry in accordance with 
API RP 10B, with two modifications. A final curing 
pressure of 5,000 psi was maintained for a one- or 
three-day period; but, for further curing, pressures 
were reduced to the vapor pressure of water at the 
curing temperature. Also, the water content was varied 
in samples containing silica to maintain the slurry vis- 
cosity within a range of 5 to 15 poise as measured on 
a consistometer. 


Test specimens at 180°F were cured in a water bath 
at atmospheric pressure. At higher temperatures the 
specimens were cured in a steam-jacketed high-pressure 
curing vessel at 5,000 psi for a one- or three-day period. 
Cubes cured for longer periods were removed from the 
pressure-curing vessel after 24 hours, sealed in small 
bombs containing water and placed in an aging oven. 
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Permeability measurements were made on molded 
l-in. diameter cement cylinders ranging in length from 
2 to 2.7 in. The samples were formulated and cured 
in the same manner as the cubes used in compressive- 
strength tests. A 5-per cent sodium-chloride brine, made 
with freshly distilled water, treated with formalin and 
filtered through 8 or 10 thicknesses of filter paper, was 
used to determine permeability as calculated from 
Darcy’s equation. The samples were placed in a modi- 
fied Hassler cell; the driving pressure was 54-psig of 
air and the confining boot pressure was 150-psig. A 
layer of oil between the air and the brine solution was 
used to reduce the solution of air in the brine. Fresh 
surfaces were exposed on both ends of the core before 
measurement, Flow was measured into a capillary tube 
graduated in units of 0.01 ml. 


Thickening times were determined as specified in 
API RP 10B for various casing-cementing well-stimula- 
tion depth schedules. 


Cements tested included API Classes A, D, E and F. 
Class A is equivalent to a regular construction cement; 
Class D is an oilwell cement with a 12,000-ft depth 
limitation; Class E, the type of oilwell cement most 
widely available, has a depth limitation of 14,000 ft; 
and Class F is a cement capable of being placed to 
depths of 16,000 ft. The fine silica, unless otherwise 
stated, is a pulverized pure quartz sand, 95 per cent 
of which will pass a 200-mesh sieve. 


EXPERIMENTAL RESULTS 


COMPRESSIVE STRENGTHS 


The experimental data on compressive strengths are 
contained in Tables 1 through 4. The general behavior 
of oilwell cements cured at 320°F is summarized in 
Table 1. For most samples, one-day compressive 
strengths range in the order of 2,000 psi, Although the 
measurements at later curing intervals are somewhat 
scattered, there is a definite downward trend, with 
strengths averaging less than 1,500 psi after 30 days. 


Table 2 shows the effect of 22.5 weight per cent 
silica on these same cements. In nearly all cases, the 
Strengths are increased by factors between three and 
four, ranging in the order of 5,000 to 8,000 psi. The 
average maximum strength was attained in three days, 
after which the average strength decreased somewhat. 
Unfortunately, the high rate of O-ring failure prevented 
very long-term study of these samples. 


Having determined that most classes of oilwell ce- 
ments show approximately the same compressive- 
strength history at elevated temperatures, further ex- 
periments were restricted to Class E and Class A ce- 
ments. In Table 3 the effects of the three variables— 
silica content, curing temperature and curing time— 
are shown for a Class E cement. The neat cement 
samples show clearly that the principal loss of strength 
occurs at temperatures between 260° and 320°F. 
Further, at temperatures above 300°F there are only 
minor changes of strength with time. When 35 weight 
per cent silica is added, consistently high strengths are 
observed above 300°F. Even at the lower temperatures, 
very high strengths are ultimately reached. With 100 
weight per cent silica addition, the retarding of strength 
build-up at the lower temperatures is more prominent 
and strength levels are generally lower than at corres- 
ponding conditions for the 35 weight per cent formula- 
tions. 
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TABLE 1 — COMPRESSIVE STRENGTHS OF CEMENTS CURED AT 320°F, NO 
SILICA ADDITION 
Compressive Strength (psi) 
API Curing Time (Days) 
Brand Class (Ib/gal) i] 3 30 60 90 
16.3 1675 1480 1425 1600 1490 


1 E 

2 E 16.3 4000 2800 1625 1705 z 

3 E 16.3 1760 1450 1200 1350 x 

4 D 16.3 1825 1775 1750 5 ie 

5 F 16.3 1925 — 1800 . i 

6 A 15.7 1780 1045 700 775 i 
AVerage: 2160 1710 1417 1358 


*O-ring failure in small curing bomb caused dehydration of sample. 


TABLE 2 — COMPRESSIVE STRENGTHS OF CEMENTS CONTAINING 
22.5 WEIGHT PER CENT SILICA CURED AT 320°F 
Compressive Strength (psi) 
API eh Curing Time (Days) 
Brand Class (Ib/gal) 1 3 30 60 90 
16.1 6675 6950 6650 5600 ft 


1 E 

2 E 16.1 4375 10075 4500 3150 3250 

3 E 16.1 6750 8015 6980 

4 D 16.1 6650 9275 7300 7500 t= 

5 F 16.1 4750 8900 6125 z * 

6 A 6150 7225 6400 
AVETAGO 5891 8573 6325 5417 


*O-ring failure in small curing bomb caused dehydration of sample. 


TABLE 3 — COMPRESSIVE STRENGTH OF A CLASS E CEMENT CURED AT 
VARIOUS. TEMPERATURES WITH AND WITHOUT SILICA 
Compressive Strength (psi) 
(Days) 180°F 230°F 260°F 320°F ©350°F 


Neat Cement 
W/C = 0.40 ] No Set 5245 8000 1775 1850 


3 6675 5825 6840 1580 1550 
30 8165 8450 5990 1310 1990 
60 8125 8900 5310 1490 2200 


Cement with 35 
Weight Per Cent 


Silica 
W/S = 0.40 1 — 4075 3480 7715 8450 
3 — 6610 5050 8070 8250 
30 — 12845 10845 7990 5920 
60 — 13010 11120 7915 7700 
Cement with 100 
Weight Per Cent 
Silica 
W/S = 0.50 1 1880 2500 3660 co 6775 
3 2625 4630 6870 — 8625 
30 5575 11075 8120 — 6510 
60 6875 11315 8845 —_— 7515 


To determine the optimum silica content for attain- 
ment of high compressive strengths, a Class A cement 
containing various amounts of silica was cured for 
periods of 24 hours and 30 days at 320°F. These data 
are shown in Fig. 1. Note the decrease in strength 
when small amounts of silica are added. A wide range 
of silica contents varying between 30 and 60 weight 
per cent produce cements with approximately the same 
high compressive strengths. 


Another variable of interest is the range of silica 
particle sizes which will produce desirable increases in 
strength. Varying amounts of differently sized silica 
were added to a Class E cement which was weighted 
with barite to 17.3 Ib/bbl, retarded with 0.5 weight 
per cent CMHEC and cured for one and three days at 
320°F. The results are summarized in Table 4. For 
grinds in the 100- to 325-mesh range, no significant 
trends are observed. In one test using construction sand, 
the strength build-up is only slightly retarded. Particle 
size of silica above 80 mesh, therefore, is not a signi- 
ficant variable in these systems. 


THICKENING TIMES 


The effect of 200-mesh silica additions on the thicken- 
ing times was also investigated using a Class E cement 
with a water-to-solids ratio of 0.40, This particular 
sample of cement was over-retarded, the thickening 
time on the 14,000-ft schedule being about twice the 
average time normally obtained with this brand. 
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TABLE 4 — COMPRESSIVE STRENGTH OF CLASS E — BARITE-SILICA CEMENT (Slurry Density=17.3 Ib/gal, Weight 
Per cent Additional CMHEC Retarder=0.5) 


(Curing Temperature 320°F) 


Construction 


Weight 100-Mesh 200-Mesh 325-Mesh an 
per cent Silica Silica Silica 80-200 Mesh 
mes 24 hr 72 br 24 hr 72 br 24 hr Pei 24 hr 72 tbr 
1165 1033 1165 1033 1165 1033 1165 1033 
4810 6690 4642 7415 6317 6833 
AG 6266 6875 5642 6550 6650 6733 3375 5891 
N 5483 5685 5433 5833 5565 6858 _— = 


CMHEC was added as a retarder for the 16,000- and 
18,000-ft casing-cementing schedules. The thickening 
time of one sample weighted with illmenite ore was also 


determined. The results of these tests are tabulated in 
Table 5. 


In every case, the addition of silica extended the 
thickening time, greater additions prolonging the thick- 
ening times to a greater extent. For example, the 16,000- 


ft thickening time of the cement additionally retarded 


with 0.4 weight per cent CMHEC was 175 minutes. A 
40 weight per cent addition of silica extended the 
thickening time to 195 minutes, and 100 weight per 
cent to 205 minutes, However, a very few instances 
have been noted where silica has resulted in a slight 
shortening of the thickening time. 


Slurries weighted with both illmenite ore and barite 
can be placed successfully with silica-cement formula- 
tions. 


PERMEABILITY 


The difficulty in obtaining an exact measure of a per- 
meability in the order of 0.001 md must be emphasized. 
It is probable that a computed permeability within this 
range is only an approximation which represents an 
order of magnitude. For example, a permeability of 
0.001 md represents a flow of only 1 cc in over five 
days using the experimental technique previously de- 
scribed. Plugging of the sample or leakage between the 
boot and sample could give rise to significant unde- 
tectable errors. The transient nature of hydrating ce- 
ment itself can cause variations in permeabilities, Fur- 
ther, the bubble factor, related to the expansion of any 
dissolved air at the 54-psi differential, might possibly 
cause a blocking effect and introduce errors at these 
low flow rates. 


Permeabilities were measured using Class A and 
Class E cements. Similar measurements were made using 
the same cements containing 35 weight per cent silica. 
These results are summarized in Table 6. At tempera- 
tures above 230°F, the permeability of hydrated cement 
containing 35 weight per cent silica is lower than that 
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of neat cement. As the curing temperature rises, the dif- 
ference becomes more significant. At 320°F, the neat 
cements had permeabilities in the order from 1 to 8 
md, whereas the formulation containing silica had values 
in the order of 0.001 to 0.010 md, or about a thousand- 
fold less. 


The effect of silica content on permeability is shown 
in Fig. 2. Permeabilities were measured on 30-day 
samples cured at 320°F using a Class A cement con- 
taining 10, 22.5, 50 and 100 weight per cent silica. 
These cement formulations also contained 0.5 weight 
per cent CMHEC as a retarder. The results indicate an 
effect of silica concentration on permeability correla- 
table with the results of the compressive-strength tests. 
The 10 weight per cent formulation had the highest 
permeability, and rapid decrease in permeability oc- 
curred with further silica additions. Lowest values were 
noted at 35 weight per cent, averaging 0.006 md. It 
is not certain, due to experimental difficulties previously 
discussed, that the increase in the 50 weight per cent 
formulation is“ meaningful. The important feature is 
that the permeabilities of the 35, 50 and 100 weight 


TABLE 5 — THE EFFECT OF SILICA ADDITIONS ON THE THICKENING 
_ TIME OF CMHEC RETARDED CLASS E CEMENT 


i i Thickenin 

Weight Per Cent Addition 

Silica CMHEC (ft) (minutes) 
0 0.0 14,000 400 
40 0.0 14,000 450 
0 0.0 16,000 120 
0 0.4 16,000 175 
40 0.4 16,000 195 
100 0.4 16,000 205 
0 0.0 18,000 78 
0 C.5 18,000 110 
40 05 18,000 125 
100 0.5 18,000 142 
100* 1.0 18,000 210 
100** 1.0 18,000 193 


*Weighted with illmenite ore to 17.2 Ib/gal. 
**Weighted with barite to 17.0 Ib/gal. 


TABLE 6 — PERMEABILITY* OF CEMENTS CURED AT VARIOUS 
TEMPERATURES WITH AND WITHOUT A 35 WEIGHT 
~ PER CENT ADDITION OF SILICA 


Permeability (md) 
(Days) 180°F 230°F 260°F 320°F 

Class E Cement 

Ww/C = 0.40 1 2.420 0.401 0.220 0.911 
3 0.0008 0.0103 0.044 6.58 
30 0.0165 0.0221 0.069 2.60 
60 0.0098 0.0178 0.038 4.10 

Class E Cement with 

35 Weight Per Cent 

Silica 

W/S = 0.40 1 2.200 0.0750 0.0970 0.0181 
3 0.028 0.0036 0.0083 0.0011 
30 0.0165 0.0046 0.0011 0.0043 
60 0.024 0.0110 0.0047 0.0087 

Class A Cement 

W/C = 0.50 ] 0.0028 — 0.129 2.60 
3 0.0032 — 0.096 2.15 
ae 0.0050 — 0.038 5.39 
60 0.0061 — 0.102 7.90 

Class A Cement with 

35 Weight Per Cent 

Silica 

W/S = 0.50 1 0.0396 — 0.1750 0.3140 
3 0.0330 — 0.0688 0.0018 
30 0.0280 — 0.0008 0.0065 
60 0.0110 — 0.0011 0.0081 


*Permeability to 5 per cent salt solution at room temperature. 
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per cent formulations were much lower (by three orders 
of magnitude) than those obtained with lesser amounts 
of silica. 


CHEMISTRY OF PORTLAND CEMENT CURED 
AT HIGH TEMPERATURE 


The chemistry of cement and its hydration is still 
not thoroughly understood. However, a brief summary 
of the generally accepted concepts of cement composi- 
tion and of hydration products at normal and elevated 
temperatures is presented to provide a basic background 
for the reactions that occur with the addition of silica 
to cement. In cement chemistry, the convenient ab- 
breviated formulas listed in Table 7 are in common 
usage and will be used in this section.” 


Portland cement can be considered a solid solution 
of the components listed in Table 7. In addition, as the 
clinker is ground at the mill, about 4.0 per cent gypsum 
(CaSO,:2H,0) is added as a retarder. However, we must 
realize that these formulas are over-simplified in most 
cases. C,S is believed to be 54 CaO-16SiO.-MgO-Al.O,,” 
but for our purpose we will consider C,S as a satisfac- 
tory designation. 


Each cement plant will have its own variation of the 
components of a dry cement. The average composition 
of 12 common brands of oilwell cement includes (by 
weight per cent) the following: C,S, 45.50; C,S, 31.20; 
C,A, 4.70; C,AF, 12.0; CaSO,, 3.0; MgO, 2.1; and CaO, 
0.8. 


TABLE 7 — CEMENT CHEMISTRY NOMENCLATURE 
Abbreviated 
Formula Formula 
Mricalcium Silicate... 3CaO - C3S 
Dicalcium Silicate _. 2CaO - SiOz CaS 
Tricalcium Aluminate 3CaO - Al203 


Tetracalcium Aluminoferrite .. -4CaO Al2O3 - Fe2Os C4AF 
Calcium Oxide (Free Lime) ............ CaO CaO 
Magnesium Oxide (Magnesia) ................ MgO MgO 
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The hydration products of cement have a more com- 
plex chemistry than the clinker. Table 8 lists the present 
concensus as to the products at normal curing tempera- 
tures.” 

The main hydration products at normal temperature 
are a calcium silicate hydrate of unknown composition 
with a variable water content, a calcium sulfoaluminate 
and lime. Steinhour™ proposes that the calcium silicate 
is probably a monocalcium hydrate and that the excess 
lime is adsorbed and not chemically combined. 


At temperatures above 250°F, the reactions result in 
different hydration products. Thorvaldson” and his co- 
workers first made a detailed study of the cement re- 
action at 320°F. They found that dicalcium silicate 
alpha-hydrate, 2CaO-SiO,-(1.0 to 1.25) H,O, was formed 
when portland cement mortar was cured at this tem- 
perature. 


The consensus in regard to the hydration products 
in the temperature range between 250°F and 375°F is 
shown in Table 9.” 

Thus, there is a distinct difference in the hydration 
products at normal temperatures and at temperatures 
above 250°F. At high temperatures, dicalcium silicate 
is present and there is no evidence of a monocalcium 
silicate. Also the calcium sulfoaluminate is missing and 
the aluminates are presumed to be in the hexahydrate 
form (3 CaO-Al,0,-6H.O), although this last product 
has not yet been identified definitely. 


X-RAY DIFFRACTION ANALYSIS 
OF OILWELL CEMENTS 


X-ray diffraction analysis was used to study the high- 
temperature hydration products of both neat cements 
and formulations containing silica, the X-ray diffrac- 
tion patterns being made from powdered samples of 
broken compressive-strength cubes. Fig. 3 shows the 
patterns of the hydration products of a Class A cement 
cured for various intervals at 320°F, with the excep- 
tions of Pattern 1 (a reference pattern cured for 72 
hours at 180°F) and Pattern 5 (obtained from the 30- 
day hydration product containing 10 weight per cent 
silica). Note that the hydration patterns of 1 and 2 
are almost identical. The sharp peaks at the scattering 
angles of approximately 18° and 34°, along with the 
broad peak between 28° and 29°, are attributable to 
calcium hydroxide. The weak, broad peaks between 29° 
and 30° and between 32° and 33° are the only evi- 
dence for the normal low-temperature calcium silicate 
hydrate of unknown composition, After a curing period 


TABLE 8 — HYDRATION PRODUCTS AT NORMAL CURING TEMPERATURES 
Dry Cement Hydration Products 


-.1.5 CaO - SiOz: (1.0 to 2.5) 
H2O + Ca(OH)2 
3CaO - Al2O3 - 3CaSO4- 31 H2O + 


3CaO Al2O3 - 6HO2 
Same as above + 3CaO - Fe2Os - 31CaSO4 
Ca(OH)2 
Mg(OH)2 


TABLE 9 — HYDRATION PRODUCTS IN THE TEMPERATURE RANGE 
BETWEEN 250° AND 375°F 


Products in : 
Dry Cement Probable Hydration Products 
2CaO - SiOz - (1.0 to 1.25) 
H2O + Ca(OH)2 
Fe2Os - Ca(OH)> 
MgO .... Mg (OH)2 
Ca (OH)2 
CaSO4 - 2H20 CaSO4 
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of 100 hours (Pattern 3), the hydration pattern changes; 
-a new product, dicalcium silicate alpha-hydrate, ap- 
pears; the calcium hydroxide concentration decreases 
slightly; and the weak, broad peaks associated with the 
unknown calcium silicate hydrate disappear. Patterns 
4 and 5 give increasing intensities for the new hydra- 
tion product. Every peak of the formulation containing 
10 weight per cent silica (Pattern 5) is attributed to the 
_—  dicalcium silicate alpha-hydrate. 

The relative intensities associated with the dicalcium 
Silicate alpha-hydrate peak at 27.2° for the Class A 
cement cured at 320°F, registered as counts above the 
background, are as follows: 6-hours, 50; 24-hours (no 
pattern shown), 338; 100-hour, 616; and 30-day, 820. 
For the 10 weight per cent silica formulation, the count 
is 1,015 after 30 days. Note the absences of quartz-and 
calcium hydroxide in Pattern 5. From the increased 
intensity of the dicalcium silicate for this formulation, it 
can be assumed that these components reacted to form 
the additional dicalcium alpha-hydrate. Also, from the 
differences between Patterns 2 and 3, it is evident that 
a re-arrangement takes place within the solid structure; 
an original hydrate similar to a normal cement hydrate 
converts rapidly to the dicalcium silicate form. 


At 260°F, dicalcium silicate alpha-hydrate is not 
found in a sample of Class A cement cured for three 
days. However, it is easily recognized in the 30-day 
sample, and a further increase in concentration is indi- 
cated from the 60-day pattern. Also, no evidence of 
dicalcium silicate alpha-hydrate was found in the 150- 
day sample cured at 180°F. (These patterns are not 
shown.) 

From the foregoing it can be concluded that cement 
formulations possessing low strengths and high per- 
meabilities contain well crystallized dicalcium silicate 
alpha-hydrate and that these detrimental properties are 
more pronounced as the concentration of this phase 
increases. 

Fig. 4 shows the diffraction patterns of a Class A 
cement (Cement A) and a Class E cement (Cement B) 
containing amounts of silica varying between 22.5 and 
100 weight per cent and cured for varying amounts of 
time. 

The pattern of the dicalcium silicate alpha-hydrate is 
conspicuous by its absence in these formulations, At 
27.2°, the position of the principal dicalcium silicate 
alpha-hydrate peak, there perhaps is an indication of a 
minor amount of the phase in the 24-hour patterns but 
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none whatsoever in the 30-day patterns. 

The quartz line at about 26.6° is very sensitive to 
X-ray analysis. Note that in Pattern 1 there is only a 
slight indication (about 0.5 per cent) of silica remaining, 
and this disappears in the 30-day sample (Pattern 3). 
Differences between the 22.5 and 35 weight per cent 
hydration products at both one and 30-day periods are 
evident (Patterns 1 through 4), When Patterns 4 and 5 
are compared, resemblances between the two easily can 
be seen. Also, these samples have sharp peaks at 7.7°, 
which further confirms that these are identical products; 


these patterns are identified as the 11 A hydrate of 
tobermorite. The composition of this crystal is not 
known exactly and has several different states of hydra- 
tion. It is near the monocalcium structure, probably 
with a slight excess of silica. Bogue” gives 4CaO-5SiO.- 


5H.O as the probable composition, The 11 A hydrate of 
tobermorite is the principal constituent in every X-ray 
pattern of a hydrate cement cured for at least a month 
at 320°F and containing more than 35 weight per cent 
silica. Also, when present in formulations of 50 weight 
per cent or more, its crystalline structure gives sharper, 
better defined X-ray patterns. 

Pattern 6 of Fig. 4 is identified as xonotlite. It is the 
principal product from this particular Class E cement 
when quartz is not present in excess, but enough is 
available to form a monocalcium-type structure. The 
structure of xonotlite is Ca,(Si,O,,) (OH). or 6CaO- 
6Si0.-H,O. 

The 22.5 weight per cent silica sample cured for 30 
days (Pattern 3) gave no readily identifiable pattern; 
it resembles a calcium. silicate hydrate (CaO-SiO, 
H.0)” for which the name “CSH(A)” has been pro- 
posed.” Certainly it is neither xonotlite or tobermorite. 

From the analysis just described, it is evident that 
the dicalcium silicate alpha-hydrate does not form when 
silica is present in additions of 22.5 weight per cent or 
more. Further, well crystallized phases near a mono- 
calcium silicate composition appear at silica additions of 
35 weight per cent or more. 


CHEMISTRY OF SILICA-PORTLAND CEMENTS 
CURED AT HIGH TEMPERATURES 


X-ray data reveal that a calcium silicate hydrate is 
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DICALCIUM 


formed within six hours at 320°F which is similar to 
that formed after several days at more moderate temp- 
eratures. At 320°F, however, this rapidly converts to 
the dicalcium silicate aipha-hydrate, Furthermore, 
amounts up to 10 weight per cent silica react with hy- 
drated lime to form additional dicalcium silicate between 
six and 24 hours at 320°F, On the other hand, 30-day 
hydration products containing between 35 and 100 
weight per cent silica are identified as either xonotlite 
or tobermorite, both of which have a near monocalcium 
silicate structure. These data suggest that the following 
reaction take place in neat cement at 320°F. 
4 (3CaO-SiO,) + 16 > 
then, 
(2620: SiO, SiO; + 6+ (2) 
From Eggs. | and 2, 
2 Ca(OH), + SiO, > 
This is much more complex than the over-all reaction. 
4 (3CaO SiO.) + 9H,O > 

4 (2CaO - SiO, : 1.25H,O) + 4Ca(OH). .. (4) 
If 4 moles of C,S react with 16 moles of water, then 
during the reactions represented by Eqs. 2 and 3, a 
total of 7 moles of water are subsequently released 
within the set structure. This exensive re-arrangement 
takes place rapidly at 320°F within the solid phase and 
results in a hardened cement paste which has low 
strength and high permeability. 

Hydrated lime from the over-all reaction (Eq. 4) and 
from the hydration of C,AF, along with the free lime 
present in the original cement, will react with small 
added amounts of silica to form additional dicalcium 
silicate alpha-hydrate in the same manner as the reac- 
tion of Eq. 3. 

Also, C.S hydrates directly to the alpha-hydrate form. 
2 CaO - SiO, + 1.25H,O 2CaO SiO, 1.25H.O . (5) 

For the average oilwell cement, it can be computed 
that an addition of about 8.7 weight per cent silica 
yields the maximum amount of dicalcium silicate. Also, 
with a water-to-solids ratio of 0.4, which is normally 
employed with a retarded oilwell cement, only 39 per 
cent of the available water is chemically bound. The 
dicalcium silicate is computed to comprise 64 per cent 
of the weight of the solids for this case. Thus, the addi- 
tion of small amounts of silica would be detrimental to 
the strengths and permeability of cement cured at high 
temperature. 

It follows that a sufficient amount of silica must be 
added to prevent the formation of the dicalcium silicate 
and force the reaction toward the monocalcium forms 
which possess high strength and low permeability. Thus, 
if 1.5 CaO - SiO, - 2.5H,O is the normal, low-temperature 
hydration product for the average oilwell cement, the 
necessary amount of silica addition is computed to be 
18.7 weight per cent in order to reach this product. 

3 (CaO: SiO, - 1.25H,O) + SiO, + 6.25H,O > 
ASC = SiO," 2.SH.O) 

To force the system to a monocalcium form would 
require an additional 20 weight per cent silica, or a 
total of 38.7 weight per cent. 


2 (1.5CaO - SiO, - 2.5H,0) + SiO, + 2.5H:O > 
At a water-to-solids ratio of 0.40, 91 per cent of the 
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water would be chemically bound as compared to only 
39 per cent in the dicalcium silicate alpha-hydrate form. 

As the C,S and C,S concentration may vary consid- 
erably in cements, the stoichiometric amount of silica 
to form a monocalcium product will vary from 35 to 
40 weight per cent. 

It is obvious that the added silica is not used as a 
filler or aggregate, but becomes an integral part of the 
cement when these reactions occur. At high tempera- 
tures, it should be considered as much a component of 
the cement as the C,S or the C,S. 

From our average cement composition, the yield of 
hydrated lime from the cement reaction without silica 
at 320°F is 12.04 weight per cent of the set mass; 
1 cu ft of the set mass will contain 14.68 Ib of hydrated 
lime from a slurry which weighs 16.3 Ib/gal. One 
probable advantage of the use of silica is the removal 
of this lime from the cement. It would react to form a 
calcium silicate hydrate possessing a lower pH than neat 
cement, which would not leach or diffuse out of the set 
mass. This might also be a major advantage in drilling 
green cement in high-temperature wells where the drill- 
ing fluid is sensitive to pH or calcium ions. The removal 
of about 15 1b of lime from 1 cu ft of set cement prob- 
ably would alleviate the problem of cement contamina- 
tion of mud systems at high temperatures. 


CONCLUSIONS 


On the basis of this laboratory study, it is concluded 
that the silica-portland cement mixture is an excellent 
formulation for high-temperature oil wells. Specific con- 
clusions regarding this study are given as follows. 


1. All brands and types of portland cement cured at 
260°F and above undergo strength retrogression. The 
rate of retrogression is moderate at 260°F but increases 
rapidly at temperatures above 300°F. Twenty-four-hour 
compressive strengths are much lower above 300°F than 
at 260°F or below. No appreciable loss of compressive 
strength occurs at 180°F. 


2. Accompanying the loss of strength is a correspond- 
ing rise in permeability to 5 per cent brine. At 320°F, 
after a 60-day curing period, permeabilities are still in- 
creasing with time, and values as high as 7.9 md have 
been measured. 


3. In cases where 24-hour strength is low, or where 
appreciable loss of strength with further curing has 
occurred, dicalcium silicate alpha-hydrate has been 
identified in substantial quantities. Silica additions of 
about 10 weight per cent produce the maximum amount 
of this detrimental product. 


4. A 35 weight per cent addition of silica to the dry 
cement is the minimum required to eliminate strength 
retrogression and high permeability at 320°F. 

5. Formulations of equal amounts by weight of silica 
and portland cement also have excellent compressive 
strengths. 

6. Thickening times of cement formulations contain- 
ing silica are generally longer than those for neat cement 
slurries. 

7. The stoichiometric amount of silica addition to 
form a monocalcium silicate in an average oilwell 
cement is computed to be about 39 weight per cent 
based on the dry cement. 

8. Both tobermorite and xonotlite have been identi- 
fied as the high-strength hydration products of cements 
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cured at 320°F and containing 35 or more weight per 
cent silica. 


9. Silica should be considered an integral part of the 
cement and not as an aggregate or filler. It completely 
reacts with the cement hydration products at 320°F 
when added in amounts up to 35 weight per cent. 


10. The particle size of the silica should be determined 
by slurry density requirements, Any quartz sand which 


has a major portion passing 100-mesh will react satis- 
factorily. 


11. Weighted silica-cement slurries may be prepared 
using either illmenite or barite. 
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High Temperatures and Pressures 
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ABSTRACT 


One of the major difficulties in predicting the per- 
formance of oil reservoirs from their early pressure 
history lies in the uncertainty of estimating the volume 
of the liquid hydrocarbons contained in them, As a first 
step in filling this need, an equation was developed to 
determine the molal liquid volume of pure hydrocarbons 
over a wide range of temperature and pressure. The 
second step consisted of adapting the equation to apply 
to mixtures, with the heavy hydrocarbons expressed 
as © 


The equations are similar in form to van der Waals’ 
equation, but the constants a and b are considered as 
functions of temperature. In addition to the gas constant 
R, there are four constants characteristic of each hydro- 
carbon. 


When compared with experimental values found in 
the literature, the average absolute deviation in the 
calculated molal volumes is found to be a maximum 
of 0.33 per cent for any of the pure liquid hydrocarbons 
studied. This maximum deviation was that found when 
comparing the calculated and observed values over 
a temperature range of 86° to 482°F and a pressure 
range from the bubble-point to 10,000 psia. 


The equations expressing the correlation for mix- 
tures were developed from 647 experimental measure- 
ments of volume on 47 bottom-hole samples covering 
1 temperature range of 72° to 250°F and a pressure 
range from bubble-point to 5,000 psig. The average 
absolute deviation was found to be 1.6 per cent with the 
maximum for any measurement of 4.9 per cent. 


INTRODUCTION 


Accurate information of the pressure-volume-temper- 
ature behavior of hydrocarbon liquids is of considerable 
importance in the field of both applied and theoretical 
science and, especially, in the solution of petroleum 
reservoir engineering problems, These PVT relationships 
can be expressed graphically, in tabular form or as 
equations of state. 


Original manuscript reccived in Society of Petroleum Engineers 
office Sept. 20, 1959. Revised manuscript received Aug. 19, 1960. 
Paper based on dissertation submitted by G. H. Alani in partial 
fulfillment of requirements for PhD in petroleum engineering at the 
A&M College of Texas, 
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Equations of state for gases have been developed 
based on the ratio of pressure, temperature and volume 
to the pressure, temperature and volume at the critical 
points of the hydrocarbons. These equations have been 
successful in yielding values fairly accurate for reser- 
voir engineering purposes. For liquids, however, rela- 
tions of this type are more complex and have not 
yielded useful results. 


The composition of reservoir liquids is normally ex- 
pressed in terms of the moles of hydrocarbons C,, C., 
C;, etc., per mole of mixture. The composition must 
include the fraction of a mixture such as C,,, which 
cannot be separated with reasonable time and effort into 
specific hydrocarbons. Although there are several equa- 
tions of state having variable degrees of accuracy ap- 
plicable to pure liquid hydrocarbons, none includes a 
means for estimating the volume of mixtures as a func- 
tion of temperature, pressure and composition expressed 
in this manner. 


DEVELOPMENT OF EQUATIONS 


van der Waals’ equation of state is 


a 


where R = the universal gas constant, 
T = absolute temperature, 
P = absolute pressure, 
V = molal volume, and 
a, b = constants for each hydrocarbon. 


This equation has been used to describe the behavior 
of liquefiable gases and is applicable to both liquids and 
gases with a high degree of error. The quantity a is 
considered to be a measure of the attractive force be- 
tween the molecules, and the quantity b is supposed to 
represent the volume of the molecules themselves. 


To reduce the error inherent in using Eq. 1, a and b 
were considered as variables, and their values as func- 
tions of temperature and pressure were determined for 
each pure hydrocarbon on which accurate data were 
available. 


The method of calculation involved the insertion of 
known values of R, T, P and V in Eq. 1 for each 
hydrocarbon at or near the bubble-point pressure and at 
approximately 5,000 psia which, in most cases, was near 
the midpoint of the P-V curve. The result is two equa- 
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tions with a and b as the unknown quantities. A simul- where 

taneous solution gives two values each for a and b. One re oe SES, 
value of b is always larger than any liquid volume ey F r st 
shown on the isotherm and, therefore, was discarded. A a ae 27 
substitution of the smaller value of b in the equation - 
resulted in a positive value of a for each isotherm. \ r \ r ie 


In general, the values of a and b found by this 
method are different for each isotherm, a decreasing 


with increasing temperature and increasing. a may r= Ke 
be expressed as shown below by Eqs. 2 or 3, and b by 27 E 
Eq. 4. RT ee 
(+ mr +c) —27 + |, ana 
if Ki R 2 
This root is obtained only if lnesother 
where n, K, m and C are constants for each hydrocar- two roots are then imaginary and have no significance 
bon. The method of least squares was employed to de- in determining liquid volumes. 


Eq. 6 has three real and unequal roots itt LO. 


_-termine the best value of these constants. 


It should be mentioned that numerous functional re- 


lationships between a and } and the pressure and tem- The minimum real root, in this case, represents the 
peratures are possible and were tried. The choice of liquid volumes as 
these parameters, as functions of temperature only © + 27 RE 
1/3 
resulted from the exceptionally low average obtained V = 2E™ cos Sigs rane i mT + c) 
en correlated in this manner. where 
__ The data employed to determine the values of a and 1 [ Ke” 1/RT a 
b for propane, i-butane, n-butane, n-pentane, n-nonane +C 
and decane were taken from Sage and Lacey, for n- fc 
hexane, and n-octane from Felsing,** and for heptane and ‘ 
from Smith, Beattie and Kay.’ 
cos (mT + C) — — 
“Upon combining Eqs. 1, 3 and 4, one obtains 2 ?P 6228 
Ker? 2 RE 
Eq. 5 has four constants of the specific hydrocarbons 
in addition to the universal gas constant R. The con- g SINS P. 
ese oe n and C are tabulated for each pure ma- The root which actually gives the liquid volume is 
may be written thus always the lowest real root of Eq. 6 if more than 
Vee RT 4omT+C)V2 4 Kez V one exists. Solutions of Eq. 6 for molal volume V were 
AD made on the IBM 650 computer, as were the determi- 
puter, 
Ke"? nations of a and b, The data cover a range of tempera- 
— ture from about 86° to 482°F unless the critical tem- 
perature is lower, The pressure ranges from the bubble- 
This cubic equation has three roots, at least one of point to 10,000 psia in most cases. 
which is real under all temperatures and pressures. The Calculations Gf and’) for methane and ethane were 
root which is always real is also made, although these quantities refer to the hydro- 
carbons in the gaseous state. The constants for these 
3\ P two gases cannot be used in calculating the volumes of 
pure liquid methane and ethane but are useful for 
on mixtures, as will be seen later. 
TABLE 1 — CONSTANTS OF INDIVIDUAL PURE HYDROCARBONS 
Individual Substance 
Hydrocarbon K n m x 10# (o 
Methane 70° - 300°F 9,160.6413 61.893223 3.3162472 0.50874303 
Methane 301° - 460°F 147.47333 3,247.4533 -14.072637 1.8326695 
Ethane 100° - 249°F 46 709.573 “404.48844 5.152098) 0.52239654 
Ethane 250° - 460° 17,495.343 34.163551 2.8201736 0.62309877 
Propane 20,247.757 190.24420 2.1586448 0.90832519 
i-Butane 32,204.420 131.63171 3.3862284 1.1013834 
n-Butane 33,016.212 146.15445 2.902157 1.1168144 
n-Pentane 37,046.234 299.62630 2.1954785 1,4364289 
n-Hexane 52,093.006 254.56097 3.6961858 1.5929406 
n-Heptane 82,295.457 64.380112 5.2577968 1.7299902 
n-Octane 89,185.432 149.39026 5.9897530 1.9310993 
n-Nonane 124,062.650 37.917238 6.7299934 2.1519973 
Decane 146,643.830 26.524103 7.8561789 2.3329874 


Ib ft® 
Units: P=psia; T=°R; V=molal volume, cu ft/Ib mole; R=10.7335 
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Table 2 shows the average percentage deviation from 
the experimental values in the volume of pure hydro- 
carbons from propane to decane, calculated by Eq. 6. 
The maximum average deviation for any hydrocarbon 
is 0.327 per cent; the over-all average deviation for all 
hydrocarbons is 0.273 per cent. This over-all average 
deviation compares with an average deviation of 2.5 
per cent for the most accurate equation previously avail- 
able, which contains eight constants instead of four for 
each individual hydrocarbon.’ 


Equations of state for pure materials are of use large- 
ly for interpolation and extrapolation to temperatures 
and pressures other than those of measurement. Of 
much greater utility are equations applicable to mix- 
tures and, for hydrocarbons, to mixtures whose heavier 
fractions are grouped together as C,,. To obtain an ap- 
plicable equation the following data were obtained on 
47 bottom-hole samples of reservoir liquid: (1) low- 
temperature fractional analysis; (2) volume at three 
temperatures ranging from 72° to 250°F at pressures 
from bubble-point to as high as 5,000 psig; (3) density 
at 60° F and molecular weight on fractions from C, to 
C,,, and, in some cases, from C, to Cy,; and (4) vis- 
cosity and flash separation data (not used in this pro- 
ject). 


To make the data more directly applicable to the 
correlation, the mole fraction and the molecular weight 
of C,,, the molecular weight of the oil, the density of 
C,, at 60°F and the molal volume of each sample were 
calculated from the reported data. 


It is known that the volume of a hydrocarbon liquid 
mixture is not the sum of the volumes of its pure con- 
stituents. However, it was found that the values of a 
and b, as used in Eqs. 2, 3 and 4, are additive and that 
for mixtures they may be defined as follows. 


C.. C,, 
an = > by, = b,x; 3 5 (7) 
C, 


where a, and 5, refer to pure hydrocarbons at existing 
temperature and x, is their mole fraction in the mixture; 
a, and b,, are values that may be inserted in Eq. 1 to 
give the volume of the mixture. 


Table 1 contains no constants from which the values 
of a and b for heptanes-plus may be calculated; evi- 
dently, no such constants would be valid over the wide 
range of properties characteristic of heptanes-plus from 
different crude oils. In the oils considered, this fraction 
varies in molecular weight from 136 to 398 and in 
density from 0.7609 to 0.9464 gm/cc. It is necessary to 
devise a method for determining suitable parameters 
for heptanes-plus over this range of properties. 


To determine effective values of a and b for each 


C,, fraction, the following equations were applied to 
each of the 47 oil mixtures. 
C, 
An 


X07 4 


Cy 


X O74 

Values of do,, and bo,, were thus obtained for each 
of the 47 reservoir fluids over a wide range of temper- 
ature and pressure. It was found that they could be 
expressed to a fair degree of accuracy as functions of 
temperature, molecular weight and density of the C.. 

as follows. 
log.dc,, =3.8405985 10°M — 9.5638281 10°M/d 
+ 2.6180818 10°1/T + 7.3104464 x 

bo,, = 3.4992740 X 10°M — 7.2725403 d 

+ 2.2323950 — 16322572 X 107 


where M is the molecular weight and d is the density 
in gm/cc at 60°F of the C,,, and T is the temperature 
in °R. As is customary in electronic computer tech- 
nique, the coefficients are expressed to eight significant 
figures as derived from the correlation, even though 
the accuracy does not warrant this number of digits. 


It is seen that, for any specific C,, constituent, the 
value of a follows a logarithmic relation and that b 
is linear with temperature as in the case of pure hydro- 
carbons. Eqs. 10 and 11, in addition, give the contribu- 
tion of the characteristics of the C,, component to the 
volume of the mixture in terms of its molecular weight 
and density. 


The values of a, and b,, can now be obtained from 
Eq. 7, and the volume of the mixture can be computed 
from Eq. 12. 
an 

Eq. 12 can be expanded and solved in the same 
manner as Eq. 6 for pure liquids. However, for all of 
the natural mixtures, the root 


mr +c) 


Rt =( P+ 


3 


was always the lowest real root, and the use of trigo- 
nometric functions for the solution is unnecessary. Eq. 
12 was solved 647 times by the IBM 650. The average 
absolute deviation between the experimental molal vol- 
ume and the molal volume calculated by Eq. 6 is 1.6 


TABLE 2 — AVERAGE PER CENT DEVIATION IN THE MOLAL VOLUMES CALCULATED BY EQ. 6 FOR PURE 
LIQUID HYDROCARBONS 


Liquid Temperature Pressure-Range Average 

Propane 100-190 188.7-10,000 
i-Butane 100-250 71.9- 5,000 0.276 
n-Butane 100-280 51.5-10,000 0.231 
n-Pentane 100-370 15.7-10,000 0.260 
n-Hexane 212-437 82.3- 4,582.3 0.223 
n-Heptane 86-392 104.6- 5,161.9 0.269 
n-Octane 212-482 14.7- ,408.8 0.296 
n-Nonane 100-460 0.179-10,000 0.327 
Decane 100-460 0.073-10,000 0.294 

Over-all Average Deviation = 0.273 per cent. 

Experimental (V)—Calculated (V) x 100 

: Experimental (V) 
Average Per Cert Deviation = the average of the absolute values of the individual per cent deviations. 
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per cent, the maximum deviation in any individual 
molal volume being 4.9 per cent. 


EXAMPLE APPLICATION 


As an example, the method of calculating the density 
of an oil mixture is applied to a specific sample. It is 
given that reservoir temperature is 78°F (538°R) and 
reservoir pressure is 2,895 psia. It is required to find 
the density of this oil at reservoir conditions. Data 
obtained from a sample analysis are given in Table 3. 

Molecular weight of C,, = 356. 

Density of C,, = 0.945 gm/cc at 60°F. 

Molecular weight of oil = 152. 


From the constants in Table 1 and the sample analysis 
(Table 3), 


(Gp GC: 
a,x; = 12,175, and & b,x; = 0.51998. 


From Eggs. 10 and 11, and the sample data of Table 3 
ao, , = 529,374, 


and : 
bo, = 5.79438. 
An = (529,374) (0.380) + 12,175 
= 213,512 
and 


by» = (5.79438) (0.380) + 0.51998 
= 2.7237; 
and from Eq. 6, 
EZ 


-+6:7335 X 538 = (2.895 


A solution of this equation gives the following real root. 
V = 2.9320 cu ft/lb mole. 
V (experimental) = 2.9137 cu ft/lb mole. 
2.9137 — 2.9320 
= -0.63 per cent. 


Density = 152/2.932 = 51.84 Ib/cu ft or 0.8308 
gm/cc. 


Per cent deviation = 


VERIFICATION OF METHOD BY APPLICATION 
TO OTHER DATA 


The first verification of the correlation on data other 
than that for which it was derived consisted of cal- 
culation of volumes of 48 binary systems containing .1, 
.2, .3, .4, .5 and .6 mole fractions of methane, the re- 
mainder being n-heptane, at temperatures from 40° to 
220°F by 60°F intervals and at two pressures from 
1,000 to 6,000 psia within the range of the data pre- 
sented by Reamer and Sage.’ The average absolute de- 
viation from the experimental measurements was 1.6 
per cent. The error increases somewhat as the fraction 


TABLE 3 — SAMPLE ANALYSIS DATA 


Component Mole Fraction, xi 


Total 1.000 
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of methane is increased, but shows no trend with tem- 
perature or pressure. For these calculations, the con- 
stants of the pure materials were taken from Table 1. 

As a second check on the method, the molal volumes 
of 40 additional bottom-hole samples representing 588 
experimental points were calculated and compared to 
measured values. The average absolute deviation was 
1.56 per cent. The maximum pressure at which volume 
measurements were made on the samples was 8,500 
psig. 

Reservoir fluids sometimes contain, in addition to 
hydrocarbons, substantial quantities of nitrogen, hydro- 
gen sulfide and carbon dioxide. A study of the van der 
Waals’ constant b for these substances indicates that 
they are very close to that of methane and substantially 
jower than that of ethane. The constant a differs some- 
what more, but it is less important in determining the 
volume under reservoir conditions. A reasonable 
approximation, therefore, would consist in adding to- 
gether the mole fractions of all four constituents and 
applying the values in Table 1 for methane to the sum 
of the mole fractions. 


To test this approximation, as well as the application 
of the method to fluids of high volatility, the volumes 
of 28 reservoir fluids ranging in density from 0.394 
to 0.713 gm/cc at reservoir conditions were calculated 
for reservoir temperatures varying from 109° to 280°F 
and for 36 pressures ranging from bubble-point to 8,500 
psia. The fluids contained hydrogen sulfide from 0 to 
3.3 mole per cént, carbon dioxide from 0 to 3.0 per 
cent and nitrogen from 0 to 3.1 per cent. The methane 
content ranged up to 71 per cent. The average absolute 
deviation for these calculations was 2.5 per cent, An 
examination of the composition and properties of these 
mixtures indicated that several of them might be classed 
as condensate reservoir fluids rather than liquid phases. 


To compare the errors inherent in the present correla- 
tion with that proposed by Standing,’ the volumes of 
each of the 47 reservoir fluids used in the present cor- 
relation were calculated by the method of Standing. 
The points chosen were the highest and lowest pres- 
sures at the highest and lowest temperature given in the 
data. For the 188 experimental points, the average abso- 
lute deviation was 1.8 per cent, with a maximum of 
7.6 per cent. On the same samples, the corresponding 
values for the present method are 1.6 and 4.9 per cent. 


Of the 36 experimental points on 28 samples of high 
volatility, containing hydrogen sulfide, carbon dioxide 
and nitrogen described previously, 15 were out of range 
of the charts presented by Standing. The average abso- 
lute deviation on the remaining 21 points was 4.8 per 
cent, with a maximum of 15.7 per cent. The average 
deviation for the same points for the present method 
was 2.7 per cent, with a maximum of 6.4 per cent. The 
average deviation for the 15 points out of range for the 
Standing charts was 2.4 per cent, with a maximum of 
7.6 per cent. 

An important advantage of the present method is 
its adaptability to programing on the electronic com- 
puter. Once the constants of Table 1 and Eqs. 10 and 
11 are reduced to punched cards, the computing time 
can be reduced to less than one minute per sample. 


CONCLUSIONS 


1. The correlation presented here may be employed 
to calculate the molal volumes of pure liquid hydro- 
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carbons from propane to decane over the stated ranges 
of temperature and pressure with an average deviation 
of .27 per cent, and for normal reservoir oils with an 
average deviation of 1.6 per cent. 


2. Although the method is not recommended for 
fluids of the condensate type, it may be employed suc- 
cessfully for volatile liquids containing up to 71 mole 
per cent methane, along with small percentages of 
hydrogen sulfide, carbon dioxide and nitrogen. 
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ABSTRACT 


This paper presents the results of a laboratory in- 
vestigation of the efficiency of water-solvent mixtures 
in recovery of oil. These mixtures may have the high 
displacement efficiencies characteristic of solvent floods 

and the high sweep efficiencies characteristic of water 
floods. Thus, the water-solvent process may increase 
the number of reservoirs in which a miscible-type dis- 
placement can be used profitably. 


-Fhe experiments on the use of water-solvent mixtures 
for recovery of oil were conducted to find the general 
applicability of the process. These studies demonstrated 
that, in flowing through sands, water and solvent seg- 
regated into a solvent layer on the top and a water 
layer on the bottom rather than flowing through the 
sands as a uniform mixture. Calculations based on the 
simultaneous flow of the water and solvent in layers 
were used to predict the effective mobility of the mix- 
tures and_the optimum operation of the process in 
steeply dipping, homogeneous reservoirs. AS most res- 
ervoirs_are not suited. for the operation of the process 
under ideal conditions, experimental studies were con- 
ducted with sand-packed models scaled to represent 
more realistic reservoirs, These studies included the 
effects on recovery of oil of rate of injection, viscosity 
of oil, variations of permeablity within a formation and 
variations in water-solvent ratio. For the range of con- 
ditions studied, higher recoveries of oil were obtained 
with water-solvent mixtures than with water or practical 
volumes of solvent alone. 


INTRODUCTION 


A group of intriguing—because of their great pos- 
sibilities—new oil recovery methods at the disposal of 
the petroleum engineer are the miscible displacement 
processes. These processes (high-pressure gas drive, en- 
riched-gas drive and LPG bank driven by methane) 
displace all of the oil from the portions of the reservoir 
swept by the injection fluid. The key question confront- 
ing the engineer applying one of these techniques to a 
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particular reservoir is, “What fraction of the reservoir 
can be swept by injection of a practical volume of 
solvent?”.* 


Intensive laboratory studies have been made during 
the past several years in seeking answers to the question 
of the sweep efficiencies which can be expected in sol- 
vent floods.** These studies provided the answer that 
low-viscosity, low-density solvents channel and by-pass 
oil in sands with no dip. In horizontal sands, solvent 
flooding becomes less efficient as the viscosity of the 
oil increases, the recovery of oil at solvent breakthrough 
decreases and larger volumes of solvent are required 
to achieve a given recovery. More efficient displacement 
of oil by solvent is observed under certain conditions 
in sands with dip.** If the permeability and dip of the 
sand are sufficiently high, gravity segregation of low- 
density solvent injected updip can prevent channeling. 
At rates of depletion below a critical rate,” no chan- 
neling occurs. Unfortunately, in many reservoirs, the 
critical rate is so low that production of oil at rates be- 
low this rate is not economically attractive. And at 
rates over four times the critical rate, channeling is 
almost as severe in sands with dip as in horizontal 
sands. These findings pointed out that, for solvent floods 
to be generally applicable in recovering oil from all 
types of reservoirs, new methods of improving their 
sweep efficiencies are needed. 


Simultaneous injection of water with the miscible 
fluid was suggested by Caudle and Dyes’ as a method 
for improving sweep efficiencies. They theorize that 
water flowing with the solvent would decrease the ef- 
fective mobility of the solvent and cause it to contact 
more oil sand. If, indeed, the water and solvent flowed 
as a uniform mixture, the process should have the ad- 
vantages of the high displacement efficiencies character- 
istic of miscible floods and the high sweep efficiencies of 
water floods. Thus, the method (at least in theory) 
would greatly increase the number of reservoirs in which 
miscible-type displacements would be feasible. 


A research program was conducted to probe the 
technical feasibility of the water-solvent process, It 


*Solvent, as used in this report, refers to a gas or liquid which 
is or becomes completely miscible with the oil. 


1References given at end of paper. 
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was found early in this experimental investigation 
with models scaled to represent reservoirs that the two 
fiuids generally do not flow together as a uniform mix- 
ture. The solvent, having a lower density, usually flowed 
preferentially through the upper part of the sand and 
advanced into the oil sand ahead of the water. The 
water usually flowed preferentially along the lower part 
of the sand and advanced into a region already flushed 
or partly flushed by solvent. These early experiments 
suggested that design of field projects using only the 
theory of Caudle and Dyes might lead to estimates of 
recoveries which were too optimistic. 


Because of the potential value of the water-solvent 
process, experiments were conducted to find the re- 
covery efficiencies to be expected under different reser- 
yoir conditions. The results of these studies gave a 
better understanding of the factors affecting the process. 

In the present report, the general concepts which 
were developed as a result of experimental studies are 
outlined. These concepts were used to predict from 
calculations the mobilities of water-solvent mixtures 
and the most favorable conditions under which the pro- 
cess should be used. As mest reservoirs do not exhibit 
characteristics for the most efficient operation of this 
process, the report contains experimental investigations 
pertaining to recovery of oil from “non-ideal” reser- 
voirs. Experimental models were used to investigate the 
effects of oil viscosity, water-solvent ratio, permeability 
variations and gravity segregation on the recovery of 
oil from the regions swept with the water-solvent mix- 
tures. 


GENERAL CONCEPTS 


In early visual model studies of the displacement of 
oil by water-solvent mixtures, it was observed that 
water and solvent did not flow as a uniform mixture. 
The solvent, being less dense than the water, usually 
flowed preferentially through the top part of the sand 
thickness. In the models, two displacement fronts were 
observed to move simultaneously through the sand as 
depicted in Fig. 1. In one region the solvent, which 
generally flowed over and ahead of the water, displaced 
oil miscibly. In the other region, water advanced into 
sand flushed or partly flushed by solvent. 


Even though the water and solvent segregated and 
did not displace the oil as a uniform mixture as was 
envisioned for the idealized process, the phrase “water- 
solvent mixtures” is retained in this paper to describe 
either the simultaneous injection of water and solvent 
or the sequential use of small slugs of water and solvent 
into the reservoir sands. 


At the oil-solvent front, the efficiency of the solvent 
in displacing oil depends on the same factors which 
apply to conventional miscible displacements (the role 
of gravity segregation and the oil-solvent viscosity ratio) 


Water-Solvent —> 


Solvent Bank 


Fig. 1—Typrear. Prorire or Water-Sotvent 
Dispractinc Low-Viscosity 
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and on the volume of solvent flowing ahead of the 
water. If the permeability and dip of the sand are suf- 
ficiently high that the rate of solvent advance is less 
that the critical rate,’ oil will be displaced in a piston- 
like manner. In this case, sufficient solvent should pre- 
cede the water to prevent contact of oil by the water 
and the resulting entrapment of oil. If the critical rate 
is exceeded, in some cases it is possible to displace all 
of the oil by solvent before water arrival. If the oil- 
solvent viscosity ratio is low and sufficient solvent is 
injected with the water, the solvent may displace all of 
the oil before water arrival. 


At the water-solvent front, water advanced preferen- 
tially beneath the solvent into areas already flushed 
or partly flushed by solvent. The water, having a higher 
viscosity than the solvent, tends to advance uniformly 
into the solvent-swept areas, Solvent and any oil re- 
maining in regions by-passed by solvent are immiscibly 
displaced. If the oil is viscous, severe fingering of the 
solvent and by-passing of the oil may occur as shown 
in Fig. 2. In this case, water may invade oil sand by- 
passed by solvent and trap part of the oil as residual, 
isolated globules. 


Behind the water-solvent front, solvent normally flows 
through the top portion of the sand, and water flows 
through the lower portion. Hence, the area available 
for solvent and water flow will be less than if water 
or solvent alone is injected. Indeed, the area occupied 
by solvent for most solvent-water ratios is a small frac- 
tion of the total area (Fig. 1). This causes the effective 
mobility of the mixture to be appreciably lower than 
that of the solvent. Since the mobility of the injected 
fluid is related to its pattern efficiency,’ the lower mo- 
bility of the water-solvent mixture should result in con- 
tact with appreciably more oil sand than when solvent 
alone is injected. The magnitude of the effective mo- 
bility may be predicted by the procedure described in 
the following section. 


EFFECTIVE MOBILITY OF 
WATER-SOLVENT MIXTURES 


Procedures for calculating the water-solvent ratio 
and the mobility of a water-solvent mixture flowing uni- 
formly through a porous medium without segregation 
were discussed by Caudle and Dyes.’ Since experimen- 
tal investigations revealed that the two fluids will usually 
separate in the reservoir, another procedure for esti- 
mating maximum water-solvent ratios and effective mo- 
bilities has been developed. A simple mathematical 
model based on complete segregation of fluids into two 
distinct layers (as shown in Fig. 3) was used. In this 
model, it was assumed that solvent flows only through 
the upper portion of the sand which contains an ir- 
reducible minimum water saturation, that water flows 
only through the lower portion of the sand which con- 
tains a residual hydrocarbon saturation and that the 
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pressure gradients in the upper and lower layers are 
_ equal. 


For horizontal sands, the pressure gradient in the 
solvent layer is given by 


oP, Do ho 1 
where q, = the flow rate of the solvent, 


II 


[lg = the viscosity of the solvent, 


_ ky: =the permeability to solvent at initial water 
saturation, and 


A, =the area through which solvent flows. 
A corresponding equation can be written for the 
_pressure gradient in the water layer. 


OP» a Mw 


where q,, = the flow rate of the water, 
[tw = the viscosity of the water, 


Kw,rg = the permeability to water at residual hy- 
drocarbon saturation, and 


A,, = the area through which water flows. 


The minimum amount of solvent that should be used 
is that which will supply solvent to the solvent-water 
front at the rate solvent is entrapped by the advancing 
water front. Under these conditions, the volume of sol- 
vent in the solvent bank remains constant, and the sol- 
vent and water fronts are assumed to advance at the 
“same rate”. The ratio of water to the minimum amount 
of solvent required is determined by a material bal- 
ance. 


w 


wi 


By solving the ratio 4A, from Eqs. 1 and 2 and sub- 
stituting into Eq. 3, the following equation for the max- 
imum water-solvent ratio is obtained. 


Dy 
where S,,,,, =the water saturation at residual solvent, 
and S.,; = the initial or connate-water saturation. 


Usually, less than the maximum water-solvent ratio is 
desired so that an excess quantity of solvent can pre- 
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cede the water front and maintain an adequate solvent 
bank ahead of the water front. 


The total effective mobility of the fluids in the region 
through which water and solvent are flowing is defined 
as 


rg 


Mw 
Using the fact that 
A, att Ay = A total . (6) 


the following ratio m of the tata effects mobility in 
the solvent-water region to the mobility of the oil can 
be derived. 


Y total 2 do 
gwifkw 
The values of mobility ratio calculated from Eq. 7 
were compared with those measured in displacements 
of oil by water-solvent mixtures. The ratio of the pres- 
sure gradients measured in the oil region ahead of the 
mixture to those measured in the region swept by the 
mixture varied from 0.8 to 1.0 in one series of experi- 
ments, The value calculated from Eq. 7 was 0.85, which 
is considered in fair agreement with the experimental 
values. 


(7) 


Mobility ratios for various fluid displacements have 
been calculated using a typical water-oil relative per- 
meability-saturation relation which is characteristic for 
a sandstone. Mobility ratios for solvent-water mixtures 
displacing oils having various viscosities were calculated 
using Eq. 7 and using equations of Caudle and Dyes 
which assume flow as a uniform mixture, The results of 
these calculations are presented in Table 1 along with 
mobility ratios for displacement with solvent alone and 
water alone. 


While the concepts involved in deriving Eq. 7 differ 
from those utilized for the uniform mixture theory, 
the values calculated by the two methods are in good 
agreement. As shown in Table 1, mobility ratios esti- 
mated by either theory are slightly higher than those 
for water flooding but are about 1/77 of those for 
solvent flooding. Thus, the reservoir volume contacted 
by water-solvent mixtures should be slightly less than 
that for water flooding but should be much higher 
than that for flooding with solvent alone. 


CALCULATION OF MOST EFFICIENT 
DISPLACEMENT PROCESS IN 
HOMOGENEOUS RESERVOIRS WITH DIP 


In the water-solvent process, the most efficient dis- 
placement results when the solvent bank displaces 100 
per cent of the oil and the water contacts only 
solvent or a fluid which is displacing the solvent. These 
conditions can be achieved in some permeable, dipping 
reservoirs with practical volumes of solvent if the rates 


TABLE 1 — COMPARISON OF MOBILITY RATIOS FOR VARIOUS 
TYPES OF DISPLACEMENTS 


Water-Solvent Mixtures Displacing Oil 


Viscosity™ Solvent Water Est. Using Est. Using 
of Oil, Displ. Displ. Separate Flow Uniform Mixt. 
cp Oil Oil Theory (Eq. 7) Theory 
0.3 12 0.12 -166 
3.0 120 TZ 1.66 1.55 

30 1200 12.0 16.6 15.5 


*Viscosity of water = C.5 cp; viscosity of solvent = 0.025 cp. 
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are adjusted properly and if sufficient solvent is used. 
The displacement rates which must accompany the most 
efficient displacement can be predicted. They are the 
rates at which the solvent-oil and water-solvent fronts 
are stable.“ The following equations may be used to 
predict the rates at which the solvent-oil and water- 
solvent fronts are stable. 

The solvent-oil front will remain stable if the low- 
viscosity solvent can be prevented from channeling into 
the oil. Channeling can be prevented by gravitational 
forces’’ if the rate of the solvent-oil front advance 
(q/A) is less than that given by 


q _ po) gsin 


A — 
solvent-oil 
eritical 
where k = the permeability of the formation, 
p, and p, = the densities of the oil and solvent, respec- 
tively, 

a = the formation dip, and 

g = the acceleration of gravity. 

Since the water is denser than the solvent, it tends to 
segregate, under-run the solvent and trap oil. To pre- 
vent this, a stable water-solvent front must be formed. 
A stable water-solvent front can be maintained if it 
moves through the porous media at a rate g/A greater 
than that given by the equation," 


q (pw — po) gsin a 
= 
Pew ba 

water-solvent 

eritical 


where p,, is the density of the water. 


In many reservoirs, it may not be possible or prac- 
tical to utilize water-solvent mixtures so that 100 per 
cent recovery is achieved from the volume swept. The 
limited range of rates for most efficient displacement 
may be too low to be economically practical if the per- 
meability or dip is too low. Also, if the oil is more 
than two or three times more viscous than the water, the 
critical rate at the water-solvent front may exceed that 
at the solvent-oil front. In this case, the range of rates 
for most efficient displacement as given by Eqs. 8 and 
9 does not exist. When reservoirs require operating con- 
ditions outside the range of most efficient conditions, 
special model studies are needed to determine the ef- 
ficiency with which water-solvent mixtures will displace 
the oil. In the following section, experiments with scaled 
models are described to demonstrate the efficiency of 
water-solvent mixtures in displacing oil under a variety 
of operating conditions. 


GENERAL EXPERIMENTAL INVESTIGATION 


SCOPE 


The experimental studies of the simultaneous injec- 
tion of water and solvent to recover oil were con- 
ducted to determine the general applicability of the 
process in reservoirs where the most efficient operating 
conditions cannot be maintained. A number of model 
experiments were made to study displacement efficiency 
when oils of different viscosity and different water-to- 
solvent ratios were employed. Also, the effects of per- 


*In many operations, the most economical operation may be one 
in which the initial water-solvent injection is converted to a water- 
methane injection or one in which a small bank of solvent is in- 
jected prior to water-methane injection. The most efficient operation 
of these variations to the continuous water-solvent injection also re- 
quires the use of a stable water front and a stable solvent-oil front. 
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meability variations on displacement efficiency were 
studied, and a final series of experiments was con- 
ducted to examine the effect of gravity segregation in 
models with dip. In the following section of this report, 
the procedures for and the results of the displacements 
are discussed. 


DESIGN OF LABORATORY MODEL EXPERIMENTS 


The sand-packed models were made of Lucite, which 
permits visual observation of the displacement be- 
havior. The models used in this general experimental 
study were 6-ft long, 6-in. wide and %-in. thick. 
Grooves %-in. wide and ¥%-in. deep in the inlet and 
outlet heads permitted uniform injection into and pro- 
duction from the sand faces. Most of the models were 
packed uniformly with 20-30 mesh Ottawa sand to 
be as homogeneous as possible. The permeability of 
these models were about 190 darcies, and the porosities 
were about 34 per cent. One model was packed to con- 
tain two sand strata of different permeabilities. 


The fluids used in these studies were refined mineral 
oils, viscous water and hexane, which simulated the 
reservoir oil, water and solvent at reservoir conditions. 
Scaling requirements dictated that the viscosity ratios 
of the various fluids in the model be the same as those 
in the reservoir. Since hexane has a viscosity about 10 
times that of a solvent such as a miscible enriched gas 
at reservoir temperature and pressure, the oil and water 
phases were required to be 10 times more viscous than 
the corresponding fluids at reservoir conditions. The oils 
used were refined mineral oils weighted with small 
amounts of carbon tetrachloride. The aqueous phase 
was a.mixture of distilled water and glycerine. 


The experiments using the model and fluid system 
described can be scaled-up to simulate a wide range of 
prototype conditions or situations; however, it was de- 
sired in the present study to relate the results to a 
representative prototype. For this purpose, a reservoir 
prototype was selected which had an average permea- 
bility of 500 md, a porosity of 20 per cent and the 
following dimensions: 1,728-ft long, 144-ft wide and 
9-ft thick. Prototype rates ranging from 0.09 to 3.1 
ft/day were simulated. The dimensionless groups relat- 
ing geometry and viscosity ratios and the groups relat- 
ing gravity segregation to the viscous forces for both 
the region through which solvent and water were flow- 
ing and the region in which solvent was displacing 
oil were used to determine the properties of the proto- 
type. The geometry, permeability, porosity and fluid 
properties for the model study and the particular proto- 
type simulated are summarized in Table 2. 


in the model experiments, the vertical intermixing 
between solvent and oil was not scaled and was relative- 
ly more important in the model than would be expected 
in the reservoir prototype. The effect of the unscaled 
microscopic mixing is to reduce the by-passing of oil 
by solvent and to result in higher vertical sweep ef- 
ficiency in the model compared to the reservoir proto- 
type. Also, capillary forces were approximately six 
times higher in the model than in the 9-ft thick proto- 
type. Since higher capillary forces reduce the tendency 
for gravity segregation, it is concluded that, whenever 
segregation occurs in the model, segregation of the fluids 
should be anticipated in the prototype reservoir, Both 
of these effects should result in optimistic vertical sweep 
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TABLE 2 — MODEL AND RESERVOIR PROTOTYPE CHARACTERISTICS 


PROPERTY MODEL* PROTOTYPE 
Length 6 ft 1728 ft 
Width 6 in. 144 ft 
Thickness in. 9 ft 
Angle of Dip 0° and 4° 0° and 4° 
Permeability 

Homogeneous Sand 190 darcies 500 md 


Stratified Sand (Strata 


of Equal Width) 


43 and 190 darcies 


185 and 895 md 


Porosity 34% 20% 

Viscosity of Oil 3, 10, 27 and aaa PAV 
¢ 40 cp and 4.0 cp 
Viscosity of Water 3.4 cp 0.34 cp 
Viscosity of Solvent 0.33 cp 0.033 cp 
Density of Oil 1.06 gm/cc 0.7 gm/cc 
Density of Water 1.34 gm/cc 0.98 gm/cc 
Density of Solvent 0.67 gm/cc 0.3 gm/cc 
Rate 38.4 q/A) res. q/A) res. 


*As aiscussed in the text, it was not possible to meet Conditions 5 and 
6 in scaling the model to represent the assumed prototype conditions 


efficiencies in the model, and these factors should be 
considered when applying the experimental results. 


THE EFFECTS OF OIL VISCOSITY 
ON RECOVERY 


PROCEDURE 


The purpose of the first series of experiments was to 
find the effect of the viscosity of the oil on recovery by 
solvent-water mixtures. To represent reservoirs with no 
dip, the models were laid flat on their 6-in. sides. The 
models were prepared to contain a 15 per cent water 
saturation and oil; oils having viscosities of 3.0, 10.1, 
27 and 40 cp were used. These oils represented reser- 
voir prototype crude oils having viscosities of 0.3, 1.0, 
2.7 and 4.0 cp. 


Displacements were made by injecting (with two 
constant-rate pumps) water and hexane at the desired 
ratio of 3.3:1. During the displacement, the position of 
the hexane and water fronts and the volume of oil 
produced were recorded at frequent intervals. Before 
hexane breakthrough, all of the non-aqueous fluid col- 
lected represented the oil production. After hexane 
breakthrough, the refractive index of a few drops of the 
oil-hexane mixture was measured to find the hexane 
content of the sample. After water breakthrough, the 
produced fluids were separated, and the volumes of 
aqueous and non-aqueous phases produced were meas- 
ured separately. The models were usually cleaned and 
repacked with clean sand after three experiments. 


To simulate displacement of a solvent bank by dry 
gas injected with the water, the color of the hexane 
was changed from red to blue several times during 
the course of each displacement. The locations of the 
different-colored solvent fronts were carefully observed 
as the displacement progressed. These observations were 
useful in finding regions through which the solvent was 
immobile or trapped. The observations are pertinent to 
the problem of deciding when to stop injecting en- 
riched gas and start injecting a cheaper gas, such as 
methane, in field projects. —- 


DISCUSSION OF RESULTS 


A very efficient displacement was observed with the 
3.0-cp oil, simulating a reservoir oil whose viscosity was 
0.3 cp. Although the hexane tended to separate by 
gravity and flow over the water, a bank of hexane 
built up and contacted all of the oil sand ahead of the 
water. Thus, the water flowing along the bottom of the 
sand trapped hexane instead of oil. In this case, es- 
sentially all of the oil was recovered. Shown in Fig. 4* 


*The information (such as rates, viscosities, etc.) given in Figs. 
4 through 9 are the scaled-up values representing the reservoir proto- 
type described in Table 2. 
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is a plot of the recovery of oils of various viscosities vs 
the volume of gas-water mixtures injected. It can be 
seen that 98 per cent of the 0.3-cp reservoir oil was 
recovered with 1.1 pore volumes of solvent and water 
injected. Less efficient displacements were obtained for 
the higher-viscosity oils. At 1.4 pore volumes fluid 
injection, recoveries of 88, 89 and 86 per cent were 
obtained for the oils representing reservoir oils whose 
viscosities were 1.0, 2.7 and 4.0 cp, respectively. These 
lower recoveries resulted from fingering of the solvent 
and trapping of oil by water. Note that little additional 
recovery of oil was obtained after water breakthrough. 
Note also that, while earlier solvent breakthrough oc- 
curred for the three more-viscous oils, the ultimate 
recovery was about the same for these oils. 


The observations of the red and blue bands of hex- 
ane provided data pertinent to estimating the size of 
solvent bank required in the water-solvent process. 
When the color of hexane was changed from blue to 
red during the displacement of 3.0-cp oil, the red sol- 
vent could be observed to move preferentially through 
only the top section of the sand in the region invaded 
by the water-hexane mixture. The blue hexane in the 
lower part of the sand was immobile and apparently 
trapped by the water flowing through this part of the 
sand. It was found that, in displacing this low-viscosity 
oil, 75 per cent of the solvent in the model at water 
breakthrough was trapped by water. When the more- 
viscous oils were displaced, less of the solvent was 
trapped by water because more oil was trapped. For 
instance, only 25 per cent of the solvent was trapped 
by water when a reservoir oil of 4.0-cp viscosity was 
displaced. The amount of solvent trapped by water as 
a function of the viscosity of the oil is shown in Fig. 
5. The trapping of solvent by water limits, to some ex- 
tent, the possibility of using very small solvent banks. 


THE EFFECT OF WATER-TO-SOLVENT RATIO 


PROCEDURE 

The effects on recovery efficiency of the water-to- 
solvent ratio were studied using the same experimental 
procedure as described previously. For each oil of a 
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given viscosity, four experiments were performed. Wa- 
ter-to-solvent ratios of 1:1, 3:1 and 10:1 were used. 
In a fourth set of experiments, water alone was injected. 
This procedure was performed for 3-, 10-, 27- and 
40-cp oils representing reservoir oils whose viscosities 
were 0.3, 1.0, 2.7 and 4.0 cp. All of these tests were 
conducted with 0° dip. 


DISCUSSION OF RESULTS 


It was found in all cases that injection of solvent- 
water mixtures gave greater recoveries than did water 
flooding alone. Typical of the results are those shown 
in Fig. 6 for the 40-cp oil, representing a reservoir oil 
whose viscosity is 4.0 cp. Note that, as the water-to- 
solvent ratio decreased, the ultimate recovery increased. 
Also, water breakthrough occurred later, as the water- 
to-solvent ratio decreased. The increased recovery ap- 
peared to result from greater flushing of the sand by the 
solvent before water arrived and entrapped oil. Also 
shown in Fig. 6 are recoveries of oil by flooding with 
solvent alone (these data were obtained from previous 
experiments). When solvent alone was used, fingering 
of the solvent resulted in by-passing of oil, so that re- 
coveries for the volumes of solvent used were less than 
those obtained with water-solvent mixtures. 
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Tue EFFECTS OF PERMEABILITY VARIATIONS 
PROCEDURE 


The presence of zones of different permeabilities in 
the reservoir increases the tendency for gas to channel 
and by-pass oil. To determine whether injection of 
water with the gas would reduce the by-passing, both 
solvent and solvent-water mixtures were injected into 
a scaled model. 

The Lucite model used was 72 X 6 X % in, and 
contained two adjacent, communicating sand sections, 
each 72 X 3 X %-in. The permeability of one section 
was 190 darcies and that of the other was 43 darcies. 
The model represented a prototype 1,700-ft long and 
9-ft thick with two sands each 72-ft wide having per- 
meabilities of 815 and 185 md, to give an average 
permeability of 500 md. The model was prepared to 
contain a low water saturation and oil. In the first ex- 
periment, the oil was displaced by only hexane weighted 
to have the same density as the oil to prevent gravity 
segregation. In the second experiment, water and 
weighted hexane were injected simultaneously. 


DISCUSSION OF RESULTS 


The results of these two displacements are shown in 
Fig. 7. The simulated solvent-water mixture recovered 
90 per cent of the oil in place after injection of 2.0 
hydrocarbon pore volumes. Visual observation of the 
model indicated that the solvent preferentially flooded 
the coarser section. The tighter region was flushed pri- 
marily with water; only a small amount of solvent 
entered the tight section. 


As shown in Fig. 7, the corresponding recovery was 
less than 60 per cent when the oil was displaced by 
solvent alone. In this case, the solvent displaced all of 
the oil from the permeable sand but by-passed most of 
the oil in the tight sand. These studies indicate a con- 
siderable improvement in recovery efficiency in stratified 
sands when solvent-water mixtures. are used for the 
displacing fluid rather than solvent alone. 
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THE EFFECT OF RATE ON RECOVERY IN 
RESERVOIRS WITH DIP 


PROCEDURE 


The purpose of the last series of experiments was to 
investigate the role of gravity segregation in displace- 
ment of oil by water-solvent mixtures from reservoirs 
with dip. Water-solvent mixtures (3.4 volumes of wa- 
ter per volume of solvent) were injected at the updip 
end of the model tilted at 4° to displace 3.0-cp oil. 
This oil represents a 0.3-cp oil in the reservoir. In 
separate experiments, the mixture was injected at rates 
simulating field rates of 0.094, 1.0 and 3.0 ft/day. 
In an additional experiment, 6.7 per cent pore volumes 
of solvent followed by a 3.4:1 water-solvent mixture 
was injected at a rate corresponding to 0.09 ft/day 
in the field. 


DISCUSSION OF RESULTS 


At all of the rates employed, the solvent was seen to 
_-flow preferentially along the top through a small frac- 
tion of the sand interval being swept by the mixture. 
At the higher rates (corresponding to 1.0 and 3.0 
ft/day), a solvent bank was formed ahead of the water- 
solvent front as shown in Fig. 1. The bank grew as the 
displacement progressed. At 1.0 ft/day, 100 per cent 
of the oil was displaced when 1.4 pore volumes of the 
mixture had been injected, as shown in Fig. 8. At a 
_ displacement rate corresponding to 3.0 ft/day, the re- 
covery was 97 per cent of the oil in place when 1.4 
pore volumes of the mixture had been injected. 


For the reservoir prototype studied here, the critical 
rate for the solvent-oil front is 0.14 ft/day, and that 
for the water-solvent front is 0.11 ft/day. The experi- 
mental rates were 7 and 21 times the critical rate 
for the water-solvent front. Hence, the water-solvent 
front was stable and no gravity under-running of water 
was expected, nor was any observed. However, the 
displacement at the oil-solvent front was unstable, with 
the solvent fingering into and over-riding the oil. Be- 
cause less solvent was trapped by water than was in- 
jected (for the displacement at 1.0 ft/day), the solvent 
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bank grew and displaced all of the low-viscosity oil be- 
fore water arrival. The greater amount of channeling of 
solvent at 3.0 ft/day left some oil which was trapped 
by water. 


The lower rate of displacement, corresponding to 
0.094 ft/day, was less than the critical rate of 0.11 
ft/day for the water-solvent front. At this rate, water 
under-ran the solvent and trapped oil. Although a bank 
of solvent tended to build up near the top of the sand, 
it did not contact the lower part of the sand interval 
and complete recovery of oil was not obtained. As 
shown in Fig. 8, water breakthrough occurred early, 
at 0.8 pore volume, while solvent breakthrough was 
delayed to 1.25 pore volumes. Shown in Fig. 9 are the 
data for a displacement at the same rate, but using a 
6.7 per cent pore volume bank of solvent prior to in- 
jection of the mixture. This bank was sufficient to pre- 
vent any entrapment of oil by the water, and 100 per 
cent recovery was obtained. 


DISCUSSION OF GENERAL APPLICABILITY 
OF THE PROCESS 


The experimental studies indicate that displacement 
of oil by water-solvent mixtures may not give recovery 
as high as that anticipated by assuming that the water 
and solvent flow as a uniform mixture. The mobility 
of a water-solvent mixture was found to be about the 
same whether it flows as a uniform mixture or whether 
it flows in separate layers. For either type of flow 
mechanism, the effective mobility of the mixture is low 
and a good areal sweep efficiency may usually be ex- 
pected. However, when the mixture flows in separate 
layers as was observed in the model studies, oil may not 
be completely flushed from the pattern area swept by 
the mixture. Thus, the key question to be answered 
by the engineer who wants to apply this process to the 
field is, “What fraction of the oil will be recovered 
from the pattern area?”. 


Most of the theoretical and experimental work on 
this investigation is designed to answer the question 
concerning recovery in the pattern area. It is readily 
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discernible from theory”’ that, in homogeneous reser- 
voirs with dip containing a low-viscosity oil, complete 
recovery of the oil can be obtained from the area swept 
by a water-solvent mixture. This requires flooding at 
rates less than the critical rate for stability at the sol- 
vent-oil front (Eq. 8) but greater than that for stability 
at the water-solvent front (Eq. 9). Unfortunately, in 
most reservoirs this range of rates is either too low to 
be practical or it does not exist. For these non-ideal 
reservoirs, model studies are required to answer the 
question of recovery efficiency. 


The model studies of recovery of oil from reservoirs 
which appear to be non-ideal from study of the stability 
criteria reveal two classes of these reservoirs—those in 
which complete recovery from the pattern area can be 
obtained, and those in which it cannot. Thin homo- 
genous reservoirs containing low-viscosity oils fall in the 
first class. While fingering and channeling of solvent 
through the oil sand occurs if the sand is horizontal 
(or if the rate is above the critical rate in dipping 
sands), complete displacement of the oil can be ob- 
tained if the oil viscosity is sufficiently low and the 
water-solvent injection ratio is sufficiently low. In the 
present investigation, complete recovery of an oil rep- 
resenting a 0.3-cp reservoir oil is obtained by injecting 
a ratio of water to solvent of about three quarters the 
maximum ratio given by Eq. 4. Stratified reservoirs or 
those containing more-viscous oil fall into the second 
class of reservoirs in which some residual oil is left in 
the pattern area swept by the mixture. It is found in 
the models that some residual oil is left by water-solvent 
mixtures if the reservoir oil viscosity is 1.0 cp or great- 
er. The amount of residual oil is less as the water-sol- 
vent ratio decreases. Jn stratified sands or in those 
containing permeability variations, some oil in the tight 
sands may be by-passed by the solvent and trapped by 
the water. 


The recovery obtained with water-solvent mixtures 
can be much higher than those obtained using practical 
volumes of solvent alone. While the efficiency of the 
two processes is comparable in the part of the pattern 
swept, the much lower mobility of the water-solvent 
mixture results in much higher pattern efficiencies for 
the mixture. Likewise, for the range of conditions 
studied here, water-solvent mixtures can recover more 
oil than can be obtained by water flooding. While the 
pattern efficiency obtained with the mixture is slightly 
less than is obtained by water ficoding, much more of 
the oil is displaced from the part of the pattern swept 
by the mixture (Fig. 6). The use of water-solvent 
mixtures and the actual water-solvent ratio employed 
in a particular reservoir is then a question of whether 
the additional recovery will justify the additional cost 
of the process. 


CONCLUSIONS 


The following conclusions regarding oil recovery by 
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water-solvent mixtures have been reached as a result of 
this study. The conclusions are necessarily limited to the 
range of conditions investigated. 

1. Higher recoveries can be obtained by displacing 
the oil with water-solvent mixtures than can be re- 
covered by displacement with either water or practical 
volumes of solvent alone. 

2. The effective mobilities of water-solvent mixtures 
are slightly higher than those for water flooding but 
are much lower than those for solvent flooding. Hence, 
pattern efficiencies obtained with water-solvent mixtures 
should be slightly less than those for water flooding 
but considerably greater than those for solvent flooding. 


3. When the oil displaced from a thin, homogeneous 
sand has a low viscosity (of the order of 0.3 cp), all 
of the oil can be displaced from the pattern area by 
a water-solvent mixture. 

4. When low-viscosity oil is displaced from hetero- 
geneous sand, recovery of oil by displacement with 
water-solvent mixtures can be much greater than that 
obtainable with practical volumes of solvent alone. 


5. When more-viscous oil (1.0 to 4.0 cp) is displaced, 
some cil is left in the pattern area flushed by the water 
solvent mixture. The amount of residual oil is decreased 
as the fraction of solvent in the mixture is increased. 
Scaling procedures require that the model and proto- 
type have the following conditions: (1) similar geo- 
metry, boundary condition and initial conditions; (2) 
the same relative permeability and dimensionless capil- 
lary-pressure curves (as functions of saturation); (3) 
the same values for p,/, and p,/p,; (4) the same val- 
ues of viscous-to-gravity forces 

(5) the same importance of microscopic mixing pro- 
cesses; and (6) the same values of gravity-to-capillary 
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ABSTRACT 


Inclusion of anisotropic permeability in mathemati- 
_ cal analysis of pressure transients observed during de- 
_ velopment of the huge Spraberry field indicates a major 
fracture trend which is in good agreement with that 
observed by fluid-injection tests spread over a 12- by 
17-mile area. Delineation of this trend is important in 
_selecting a pattern of injection for the pending large- 
scale water flooding in this field. Determination of res- 
ervoir parameters yielding best agreement between cal- 
culated pressures and observed reservoir pressures in 
newly completed wells was made using an IBM 650 
computer. 


INTRODUCTION 


The Spraberry field covering 400,000 acres is a tight 
sand of less than 1-md permeability cut by an exten- 
sive system of vertical fractures. Primary recovery dom- 
inated by capillary retention of oil in the fractured sand 
matrix blocks is less than 10 per cent of oil in place. 
Strong forces of capillary imbibition of water into the 
sand, coupled with water flow under dynamic pressure 
gradient, indicate considerable increase in oil recovery 
can be achieved through water flooding. Best results 
will occur if the pattern of water injection is selected 
to force the water flow across the grain of the major 
fracture system. 

Existence of an oriented vertical fracture system in 
the Spraberry, observed first in cores, was highlighted 
more recently by the 144-fold contrast in permeability 
along and at right angles to the major fracture trend 
required to match relative water breakthrough times in 
Humble Oil & Refining Co.’s waterflood test there. 
Spraberry operators since have conducted two gas-injec- 
tion tracer tests for further areal confirmation of the 
fracture trend. Re-analysis of early reservoir pressure 
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transients for evidence of anisotropic permeability has 
permitted many more local determinations of major 
fracture trend without resort to further field tests. 
This paper is limited to updating analysis of reservoir 
pressure transients to include anisotropic permeability 
as a test for orientation of the major fracture trend in 
the Spraberry. The reader is referred to Refs. 1 and 2 
for information about general Spraberry reservoir per- 
formance and to Refs. 3 and 4 for information about 
significance of fracture orientation in selection of the 


Anjection-well pattern for water flooding the Spraberry. 


RESERVOIR PRESSURE DATA—DRIVER AREA 


During early development of the Spraberry Driver 
area, Sohio Petroleum Co. made the extra effort to 
measure the initial pressure in each of the 71 wells in 
a 5-mile-long area immediately after completion. Pro- 
gressively greater reductions in pressure ranging up to 
400 psi were observed throughout the six-month devel- 
opment period. Detailed data are presented in Ref. 1. 

Since the reservoir oil was undersaturated some 300 
psi initially, early reservoir performance involving 55 
new well pressures is subject to analysis as flow of a 
single compressible fluid in a porous media. Assumption 
of uniform permeability in all directions yielded good 
agreement between calculated pressures and observed 
pressures of these wells in the earlier study,’ but subse- 
quent, additional, mathematical development to include 
anisotropic permeability in the transient pressure con- 
siderations and present availability of electronic com- 
puters to perform the much more extensive arithmetical 
calculations now yield even better agreement. 

The previous analysis, assuming uniform permeability, 
consisted essentially of calculating pressure reduction 
expanding circularly around each producing well and 
summing these effects at the time and location of each 
newly completed well for comparison with the measured 
pressure reduction. Permeability, effective fluid and rock 
compressibility, and permeability thickness were 
varied until the best match with measured pressures 
was obtained. The present analysis, assuming anisotropic 
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area 5 miles in length, they permit a determination of 
consistency of fracture orientation, Results of four sub- 
area analyses also are presented in Fig. 2, with indicated 


permeability, is similar except that, in effect, the pres- 
sure reduction caused by production of a well expands 
in elliptical form with length/width varying as the 


square root of the ratio of permeability along and at 
right angles to the fracture trend. This adds fracture 
azimuth and permeability ratio to the other significant 
factors affecting performance. Values of certain of these 
variables were assumed and one other altered until a 
“best” fit was obtained. It was then “fixed” and a second 
one adjusted, then a third, etc., until no new combination 
could be found to improve the agreement between cal- 
culated and actual pressures. Seventy complete sets of 
calculations involving 155 producing wells and 55 new 
well pressure points were performed. 


Results of this series of calculations with respect to 
the orientation of fractures and contrast in permeability 
— factors most pertinent to water flooding —- are sum- 
marized in Figs. 2 and 3. which show average (root 
mean square) error in pressure vs these variables. Devia- 
tion between calculated pressures and measured pres- 
sures of individual wells are presented in Fig. 4 both 
for assumption of directional permeability and of uni- 
form permeability. While the resolving power of the 
analysis is not high, indicated by comparison of error 
with and without consideration of permeability contrast, 
there is little doubt that orientation of the fractures so 
calculated has sufficient accuracy to serve as a starting 
point for planning Spraberry waterflood injection-well 
patterns. They indicate an average fracture trend of 
N 56° E and a thirteen-fold ratio of effective per- 
meability along and at right angles to the main fractures. 
Corresponding flow capacities are 3,220 and 248 md-ft, 
or about 104- and 8-md effective permeabilities based 
on 31-ft gross Upper Spraberry sand thickness. Matrix 
permeability is less than 1 md. 

Since these pressure data of 55 new wells cover an 
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fracture orientation varying between N 36° E and N 
76° E or + 20° from the average direction determined 
using all 55 wells. 


RESERVOIR PRESSURE STUDIES— 
OTHER SPRABERRY AREAS 


Early pressures for four other areas in the Spraberry’ 
have been analyzed similarly, and results are included 
in Figs. 2 and 3. Due possibly to the fact that three of 
these sets were not truly “initial” pressures of new wells 
but were pressures measured after as much as two 
months’ production, there is significantly greater devia- 
tion between “best fit” calculated pressures and meas- 
ured pressures than in the previously discussed results 
based on pressures measured immediately upon com- 


pletion of new wells. Nevertheless, it is significant that 


fracture orientations calculated for the Midkiff and 
North Driver areas are in good agreement with those 
determined by the Humble’ and Atlantic’ waterflood 
‘tests, respectively. Similarly there is good agreement 
between the fracture orientation determined from one 
pressure analysis and that from the gas-injection test 
in the Pembrook area.” An attempt to determine frac- 
ture orientation from pressure data of another group of 
wells near the Pembrook gas-injection test resulted in 
such very large deviation between calculated pressures 
and measured pressures that no conclusion is warranted. 
Quite possibly this is due again to the fact that these 
pressures were not measured upon completion of the 
wells but were simply first tests available. 

Fracture orientations determined by these various 
analyses of pressure interference between wells and by 
water injection and by gas injection are summarized 
in Fig. 1 and in Table 1. They show a range in direc- 
tion from N 36° E to N 76° E over an area about 
17 miles in length by 15 miles in width. Similarly, the 
ratio of permeability along the fracture trend to that 
perpendicular to it ranges from about 6 to 144 or 
higher. 


CONCLUSIONS 


Inclusion of anisotropic permeability in analysis of 
pressure transients in the Spraberry gives somewhat 
better agreement between calculated pressures and ob- 
served pressures of new wells than does assumption of 
uniform permeability. Close agreement between the 


many fracture orientations so determined and those in- 
dicated by field injection tests spread over a 15- by 17- 
mile area demonstrate the anisotropy is real — not 
merely a chance variation in the statistics. This evidence 
of wide-spread uniformity of fracture trend is helpful 
in planning the injection pattern for forthcoming Spra- 
berry water floods. 
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APPENDIX 


The pressure drawdown at the location of a new 
well due to constant production of another well in an 
extensive reservoir of uniform thickness having aniso- 


TABLE 1—FRACTURE ORIENTATION AND PERMEABILITY CONTRAST, SPRABERRY TREND AREA FIELD 


Fracture 


Trend 
Midkiff Area 
Humble Water Flood N 50° E 
Pressure Analysis (17 wells) N 43° E 
North Driver Area 
Atlantic Water Flood*** N 42° E 
Pressure Analysis (21 wells) N 36° E 
Pembrook Area 
Gas Injection test N 48° E 
Pressure Analysis (16 wells) N 62° E 
Aldwell Area 
Radioactive Gas Tracer® E 
Driver Areat 
Pressure Analysis 
55-Well Composite N 56° E 
14-Well Davenport A Lease N 76° E 
15-Well Davenport B Lease 
13-Well X. B. Cox and 
J. C. Bryans A Leases N 76° E 
12-Well C. J. Cox and T.X.L. Leases N 36° E 


Avg. Deviation 


Calculated Equivalent 
Ratio of vs Measured Permeability** 
Permeabilities* Pressures (psi) (md-ft) 
144 
100 to 1000 78.4 443 
9 53.3 406 
49 60.6 446 
about 16 
13 31.6 888 
36 24.7 1130 
6 28.4 968 
36 15.2 1020 
TAT 481 


*Ratio of permeability along major fracture trend to permeability perpendicular to fracture trend. 


**hV kaky 


***Orientation determined by general pattern of reduction of gas-oil ratio and water breakthrough. pe 


+See Ref. 1 for identification of leases. 
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tropic permeability is given by Eq. 1 for conditions of 
single-phase flow.’ 


a ky h1.127 

Yo) 


ke k, 
6.32 


where p; = initial pressure (psi), 
p = pressure at x, y at time ¢ (psi), 
q = production rate (B/D), 
: = viscosity of oil (cp), 
= formation volume factor, 
= thickness (ft), 
t = time (days), 
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c = effective compressibility of oil, water 
and rock (vol/vol/psi), 
¢ = porosity (fraction), 


Ei(— —) = exponential integral, 
k, = effective permeability in x direction 
(darcies), 
k, = effective permeability in y direction 
(darcies), 


= distance from producing well to 
pressure point in x direction (ft), 
(y — y.) = distance from producing well to 
pressure point in y direction (ft), 
and 
1.127and6.32 = conversion factors. 


) 


The pressure reductions at a point due to production 
of different wells are additive. For uniform permeabil- 
ity, Eq. 1 reduces to the simpler, well known form 
involving r’ and k. 


Since significant reservoir properties including effec- 
tive compressibility of rock and its contained fluids and 
permeability, whether uniform or anisotropic, appear 
implicitly in this relation they can be determined only 
by trial solutions until the set of values is found which 
gives the best match between calculated pressures and 
measured pressures. Fracture orientation, diffusivity 
parallel to the main fractures and diffusivity perpendic- 
ular to the main fractures are related implicitly in Eq. 
1, and geometric mean permeability \/k, k, and p, are 
explicit. Determination of the best set of these factors 
requires the following sequence. 


1. Determine x and y coordinates of all producing 
wells and pressure observation wells. 


2. Rotate these coordinates to an assumed fracture 
orientation since axes in Eq. 1 correspond to directions 
of maximum and minimum permeabilities. 

3. Calculate } g Ei (— —) for each pressure obser- 
vation well using assumed values of diffusivity in the 
new x and y directions and determine the associated 


values of \/k,k, and p,; by least-squares method. 


4. Successively modify the fracture orientation and 
diffusivities in the x and y directions until a set of 
values of these factors is found such that any further 
modification increases the sum of squares of the differ- 
ence between measured and calculated pressures of the 
individual observation wells. tok 
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ABSTRACT 


The purpose of this research is to determine (1) the 
efficiency of small banks of enriched gas driven by 
methane in displacing oil from a porous medium and 
(2) the effects of variation in bank size and composi- 
tion of that efficiency. Most of the experiments were 
conducted in a sand-packed tube 20-ft long and ¥%-in. 
in diameter. The hydrocarbon system generally used was 
methane, butane and decane at 2,500 psia and 160°F. 

The results of these experiments indicate that, in the 
regions contacted by the gas, a small bank of an oil- 
miscible gas driven by methane can displace all of 
the oil in a piston-like manner. If the enriched gas is 
of such composition as to remain immiscible with the 
oil, displacement of oil is less efficient than for the 
miscible case, and the gas bank travels through the 
sand with a velocity less than that of the driving gas. 

These data along with theories discussed imply that 
smaller banks and less total gas are required when the 
enriched gas and oil are miscible. 


INTRODUCTION 


Widespread application of enriched-gas drive to the 


recovery of oil rests upon a key factor — the use of 


limited quantities, or “banks”, of enriched gas. At the 
present time, the value of liquefied petroleum gas or 
other enriching agents discourages their use in a con- 
tinuous injection technique, or even in a large bank, 
except in a few isolated reservoirs. If small banks of 
enriched gas driven by methane were as effective in 
displacing oil as is continuous injection, the enriched- 
gas drive process might be applied to a larger number 
of reservoirs. 

Previous research on the mechanics of the enriched- 
gas drive process reported by Stone and Crump’ and 
by Kehn, Pyndus and Gaskell’ has utilized continuous 
injection of enriched gas. This work has shown that 
two types of displacements occur. With gases containing 
sufficient intermediates, the oil is displaced miscibly 
and complete recovery is obtained from the regions 
swept. When gases are used which contain insufficient 
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intermediate hydrocarbon for miscible displacement, oil 
is displaced immiscibly. In the latter type, selective 
solution of the intermediate hydrocarbons causes a 
swelling and reduction in viscosity of the oil and leads 
to an increased recovery over that obtained by dry-gas 
(methane) drive. 


The size of the enriched-gas bank necessary for 
efficient displacement of oil is determined by those 
factors which cause deterioration of the bank. A dif- 
ferentiation may be made between those factors which 
operate on a microscopic scale and those which act on 
a macroscopic scale. On the smaller scale, the enriched 
gas mixes in the direction of flow by diffusion and con- 
vection with the fluids immediately preceding and fel- 
lowing it. On the larger scale, the gas may by-pass the 
oil by flowing through permeable streaks, by overriding 
the oil because of density difference, or by fingering 
because of unfavorable viscosity ratios. In such cases, 
the enriching material tends to mix with the oil both 
laterally and in the direction of flow. The increase in 
effective area available for diffusion and dispersion of 
the enriching components leads to a faster degradation 
of the bank and a need for a larger bank than is neces- 
sary for those cases in which no by-passing occurs. The 
effects of such macroscopic factors in the deterioration 
of enriched-gas banks have been reported in a separate 
paper by Blackwell, Terry and Rayne.’ 


The present study was confined to the factors which 
operate on the smaller scale, in particular to the be- 
havior of banks of enriched gas in sands uniformly 
swept by the gas. Experiments were designed to answer 
the following questions. 

1. Can small banks of enriched gas driven by me- 
thane be used to secure oil recoveries comparable to 
those obtained by continuous injection of enriched gas? 

2. What is the optimum bank size (the minimum 
bank size necessary to obtain a recovery comparable 
to that obtained by continuous injection of the same 
enriched gas)? 

3. How many total pore volumes of gas must be 
injected to obtain the maximum recovery when the 
optimum bank size is used? 

4. What is the effect of varying the number of en- 
riching components in a gas bank? 

This report describes the experimental investigations 
and discusses the results in terms of their significance 
to reservoir behavior. 


305 


EXPERIMENTAL INVESTIGATION 


The experiments described in the present paper were 
designed to test the effects of bank size and composi- 
tion on the efficiency of displacement of oil by banks of 
enriched gas. Bank size, bank composition and column 
length were varied over sufficient ranges to permit the 
determination of minimum bank sizes for laboratory 
conditions and the estimation of those for reservoir 
conditions. 


APPARATUS 

For purposes of description, the experimental ap- 
paratus may be divided into three main parts: an in- 
jection system, a simulated one-dimensional oil reser- 
voir, and a production and analytical system. The 
principal variation in the experimental setup was that 
of changing the length of the simulated reservoir. 


The injection system consisted of a constant-rate 
mercury pump connected through ¥%-in, stainless-steel 
tubing to the bottoms of two stainless-steel cells, one 
containing enriched gas and the other methane. The 
tops of the cells were in turn connected to the sand- 
packed column representing a one-dimensicnal oil reser- 
voir. Contents of the cells were held at 100°F and 2,500 
psia. 

Simplified one-dimensional oil reservoirs were repre- 
sented by heavy-walled, stainless-steel tubes packed with 
No. 16 graded sand. These were held at 160°F in an 
oil bath. Two such tubes were used, one 7- and one 
20-ft in length. The inside diameter of each tube was 
0.531 in. Packing characteristics for the sand in the 
two tubes are given in Table 1. 


Relative permeability-saturation relations for the 20-ft 
sand-packed tube are given in Table 2. These relations 
were based on displacement of methane-saturated de- 
cane by pure methane at 160°F and 2,500 psia and 
were calculated by the method of Welge.* 


Fluid products from the columns were flashed into 
a 100-cc burette. Those products which were liquid 
at room conditions remained in the burette, while 
gaseous products passed cff overhead to be measured 
with a wet-test meter. Analysis on the gaseous products 
was accomplished by gas chromatographic techniques. 


FLuips Usep 


The hydrocarbons used in this series of experiments 
were methane, propane, normal butane and normal 
decane. All were obtained from the Phillips Petroleum 
Co. in “pure” grades stated to contain not more than 
1 mol per cent of extraneous materials. The normally 
gaseous materials were used without further purification. 
Decane was evacuated for at least 4% hour to remove 
dissolved gases. 


Extensive studies of the phase behavior of the me- 
thane-normal butane-decane system have been made by 
Sage and Lacey.”* From their data it was concluded 
that a temperature of 160°F and a pressure of 2,500 
psia were desirable for the present experiments. To ob- 
tain additional information concerning the behavior of 
mixtures near the critical point and to determine the 
effect of using pure normal decane rather than the 
mixture of decanes used by Sage and Lacey, further 


TABLE 1—PACKING CHARACTERISTICS OF SAND USED IN TWO TUBES 


Tube Length Porosity Permeability 
(ft) (per cent) (darcies) 
34.1 3.0 
20 33.6 2.9 
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TABLE 2—RELATIVE PERMEABILITY-SATURATION DATA FOR OIL AND GAs 
IN A 0.531-IN. 1D SAND-PACKED TUBE 


Gas Saturation 


(P.V.) krg/kro 
0.0000 0.0000 
0.0212 0.0310 
0.0488 0.0701 
0.0603 0.0852 
0.0715 0.0990 
0.1041 0.1342 
0.1661 0.2186 
0.2348 0.3683 
0.2980 0.5985 


phase studies were made using samples of the hydro- 
carbons available for the present series of displacements. 
The ternary phase diagram for the system, methane- 
normal butane-normal decane, is shown in Fig. 1. With- 
in the limits of accuracy of the experimental procedures, 
values obtained in the present work agree with those 
of Sage and Lacey, °° 


In all the experiments described in this report, the 
sand-packed columns were charged with decane which 
had been saturated with methane at 160°F and 2,500 
psia. Enriched displacement gases were usually com- 
posed of mixtures of methane and normal butane. 


A discussion of recovery mechanisms during enriched- 
gas drive has been given previously by Clark, Schultz 
and Shearin.' For the present system, three general types 
of displacement of methane-saturated decane by me- 
thane-butane mixtures are possible, depending upon the 
concentration of butane in the enriched gas. Miscible 
displacements result in a straight-forward manner 
when the butane concentration in the gas mixture is 
higher than 50.6 per cent. When the butane concen- 
tration falls between 17.2 per cent (the enriched-gas 
concentation obtained by extrapolation of the limiting 
tie line through the critical point) and 50.6 per cent, 
a butane enrichment in the liquid occurs through equi- 
librium and flow processes. This continues until the 
composition of the liquid phase approaches the critical 
composition of the three-component mixture and a 
miscible displacement occurs. (This type of displace- 
ment is called a conditionally miscible displacement 
throughout the remainder of the present paper.) En- 
riched gases ccntaining less than 17.2 per cent of bu- 
tane are incapable of giving a miscible displacement 
of methane-saturated decane under the conditions of 
temperature and pressure for the present series of ex- 
periments. In the present work, two concentrations 
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15 per cent normal butane and 85 per cent methane, 
fell in the immiscible-displacement range. The richer 
mixture, 25 per cent normal butane and 75 per cent 
methane, fell in the conditionally miscible-displacement 
range. To study the use of enriched gases ccntaining 
more than one intermediate, experiments were con- 
ducted with the total concentration of propane and 
normal butane adjusted to 15 per cent. 


PROCEDURE 


A constant-rate mercury pump was used to displace 
enriched gas from the supply cell held at 100°F and 
2,500 psia into the sand-packed column held at 160°F 
and the same pressure. After an enriched-gas bank of 
the desired volume had been injected, the run was com- 
pleted using pure methane as the driving gas. The rate 
of injection corresponded to a linear advance of ap- 


proximately 3.5 ft/day. Je 


EXPERIMENTS CONDUCTED 


CONDITIONALLY OIL-MISCIBLE GASES 


The enriched gas used during this series of displace- 
ments consisted of 75 per cent methane and 25 per 
cent normal butane. According to the phase diagram 
given in Fig. 1, continuous injection with gas of this 
composition should lead to miscible displacement of the 
fluids in place. Three experiments were conducted in the 
20-ft column using bank sizes of 0.05, 0.10 and 0.20 

- hydrocarbon pore volume, and one experiment was 
performed in the 7-ft column using a bank size of 0.40 
hydrocarbon pore volume. 


OIL-IMMISCIBLE GASES 
_—The enriched gas used in the first series of immiscible 
displacements had the composition 85 per cent me- 
thane and 15 per cent normal butane. According to the 
phase diagram given in Fig. 1, gas of this composition 
is incapable of giving a miscible displacement of me- 
thane-saturated decane. Three experiments were con- 
ducted in the 20-ft tube, using bank sizes of 0.10, 0.20 
and 0.30 hydrocarbon pore volume. The effects of 
column length were studied by repeating this series of 


displacements in the 7-ft column. A bank size of 0.05 . 


pore volume was also used in the shorter column. 


To compare the displacement efficiency of enriched- 
gas banks containing several intermediates with those 
containing only one, experiments were conducted using 
an enriched-gas mixture having the composition 85 per 
cent methane, 5 per cent propane and 10 per cent nor- 
mal butane. It is to be noted that the total molar con- 
centration of intermediates was the same as that used 
in other immiscible displacements. Three displacements 
were made in the 20-ft column, using bank sizes of 
0.10, 0.20 and 0.30 hydrocarbon pore volume. 


RESULTS 


DISPLACEMENT WITH BANKS OF CONDITIONALLY 
O1L-MIscIBLE GASES 


EFFECTIVENESS OF SMALL BANKS 


Displacements conducted using 0.10- and 0.20-pcre 
volume banks of enriched gas containing 25 per cent 
normal butane gave all the appearances of miscible 
displacements, while the one conducted with a 0.05- 
pore volume bank did not. Decane recovery is plotted 
against pore volumes of gas injected for the three cases 
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Pils. Is DE TCCOVETY Was essentially 
100 per cent for the two larger banks, but was some- 
what less for the smaller bank. 


MINIMUM BANK SIZE FOR LABORATORY COLUMNS 


A plot of ultimate decane recovery against bank size 
is given in Fig. 3. The value taken for zero bank size 
was based on decane recovery after displacement with 
2.0 pore volumes of pure methane. These results indicate 
that for the fluid system used and for a 20-ft linear 
displacement, complete recovery will be obtained with 
bank sizes above 0.10 pore volume. Deterioration of 
smaller banks leads to an immiscible displacement. 


TOTAL GAS INJECTION 


Complete production of’ original decane was obtained 
at slightly over 1.0 pore volume of injected gas for the 
miscible displacements resulting with the 0.10- and 
0.20-pore volume banks. Another 0.20 pore volume 
of gas was required for recovery of the banks. For the 
0.05-pore vclume bank, the decane production con- 
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tinued until approximately 1.3 pore volumes of gas 
had been injected. 


CONCENTRATION PROFILES OF PRODUCED BANKS 


Concentration profiles for butane in the flashed gas 
from the produced column fluids are shown for the 
0.05- and 0.10-pore volume banks in Fig. 4. The pro- 
file obtained for the 0.10-pore volume bank is roughly 
symmetrical. The profile obtained for the 0.05-pore 
volume bank is asymmetrical, exhibiting a low butane- 
concentration gradient on the leading edge and a sharp 
gradient on the trailing edge. The larger bank traveled 
through the column at a speed approximating the rate 
of total injection of gases, while the smaller bank 
traveled at a much slower rate. 


DiIsPLACEMENT WITH BANKS OF 
O1L-IMMISCIBLE Gas 


In all of the displacements using small banks of en- 
riched gas, the rate of decane production dropped 
sharply after the enriched-gas bank emerged from the 
column. Further production, if any, was primarily due 
to evaporative rather than to liquid-flow processes. For 
the remainder of this discussion, ultimate recovery 
will be defined as that portion of the reservoir fluids 
produced by flow of the liquid phase. 


GASES CONTAINING ONE ENRICHING COMPONENT 


Effectiveness of Small Banks: Over the range of bank 
sizes in the 20-ft column, there was no abrupt change 
in the displacement behavior. For the 7-ft column, 
however, displacement efficiency decreased steadily as 
the bank size was reduced below 0.20 pore volume. In 
Fig. 5, decane recovery is plotted against pore volumes 
of gas injected for displacements using the 0.10- and 
0.30-pore volume banks in the 20-ft column. For the 
larger bank sizes, the per cent decane recovery in the 
7-ft column very closely approximated that obtained 
in the 20-ft column. However, recovery obtained with 
a 0.10-pore volume bank was about 6 per cent less in 
the shorter column than in the longer one. 

Minimum Bank Size for Laboratory Columns: In Fig. 
6, ultimate recovery is plotted against bank size for 
both the 20-ft and the 7-ft columns. Recoveries of ap- 
proximately 95 per cent or more of the reservoir fluids 
are indicated for bank sizes greater than 0.20 pore 
volume. Since there is a gradual decline of recovery 
with decreasing bank size, prediction of precise values 
for minimum bank sizes is somewhat difficult. However, 
it may be said for both laboratory columns that a mini- 
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mum bank size between 0.10 and 0.20 pore volumes 
is necessary to obtain recoveries approaching those 
obtained by continuous injection of a gas of this com- 
position. 

Total Gas Injection: Ultimate recovery for all bank 
sizes in the 20-ft column and for the 0.20 and 0.30 
banks in the 7-ft column was obtained after approxi- 
mately 1.5 pore volumes of total gas injection. Total in- 
jection-gas volume required for ultimate recovery in the 
7-ft column increased for decreasing bank size below 
0.20 pore volume. 

Concentration Profiles of Produced Banks: Concen- 
tration profiles for the butane in the gas flashed from 
the produced enriched-gas banks are shown in Fig. 7 
for the 20-ft column. The scatter of data points on the 
curve for the 0.30-pore volume bank was caused by the 
fact that the very small samples taken for gas analysis 
were not representative of the fluid stream. The pro- 
duction of alternate slugs of gas and liquid from the 
column gave rise to fluctuations in the butane content of 
the produced gas. In later runs, 200-cc samples of gas 
were collected for analysis to average these fluctuations 
and to obtain a truer picture of the shape of the curves. 
In each case, the leading edge of the bank had a low 
butane-concentration gradient as compared to the trail- 
ing edge. The banks emerged from the column after 
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from 1.2 to 1.3 pore volumes of gas had veen injected, 
which indicated a slower rate of travel for the banks 
than for the average gas flow. 


Concentration profiles of butane in the flashed gas 
from the 7-ft column are shown in Fig. 8. In all of 
the banks at the time they emerged, with the excep- 
tion of the 0.30-pore volume bank, the maximum over- 
all butane concentration in the flashed gas had fallen 
below the injection value of 15 per cent. The 0.05- 
and 0.10-pore volume banks had deteriorated to such an 
extent that they did not emerge from the column until 
after a larger number of pore volumes of gas had been 
injected than was the case for the 0.20- and 0.30-pore 
volume banks. The rate of travel of the 0.20- and 0.30- 
pore volume banks through the 7-ft column was ap- 
proximately the same as was the rate for the 0.10-, 


0.20- and 0.30-pore volume banks through the 20-ft— 


column. 


Z GASES CONTAINING TWO ENRICHING COMPONENTS 


Effectiveness of Small Banks: For displacements using 
two enriching components in the gas bank, the recovery 
for each case was smaller than that obtained with an 
enriched-gas bank containing only one intermediate 
hydrocarbon; and, a slightly greater total quantity of in- 
jected gas was required. The decreased recovery may 
be attributed to two factors. Under the conditions of 
_ the experiment, (1) propane is less effective than nor- 
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mal butane for displacing methane-saturated decane, 
and (2) chromatographic separation of the enriching 
components occurs in the column. Separation leads to a 
smaller effective concentration of intermediates as com- 
pared to a displacement in which only one enriching 
component is used. It is to be noted, however, that 
separation of enriching agents and a resulting loss in 
displacement efficiency would not occur in a miscible 
displacement. Concentration profiles for propane and 
normal butane in the flashed gas from the 30 per cent 
bank are shown in Fig. 9. 

Minimum Bank Size for Laboratory Columns: A plot 
of ultimate recovery against bank size for banks con- 
taining two enriching components is compared in Fig. 
10 with that obtained using only one enriching com- 
ponent. The two curves show a marked similarity in 
shape. In general, bank sizes should be somewhat 
greater than 0.10 pore volume to obtain a recovery 
approaching that obtained by continuous injection of 
this enriched gas. 


INTERPRETATION OF RESULTS 


MIscIBLE DISPLACEMENTS 


In a miscible displacement, the processes causing the 
deterioration of an enriched-gas bank are well known. 
Only one phase is flowing at any cross section perpen- 
dicular to the direction of flow, and the enriching agent 
in the bank mixes by diffusion and convection with the 
contacting fluids on both the leading and trailing edges. 
For miscible displacement to continue throughout a 
column or reservoir, it is necessary that the enriched- 
gas bank be of sufficient size that the peak concentra- 
tion does not fall below the minimum value required 
for miscibility. If the bank is too small to meet this 


requirement, immiscible displacement and poorer re- 


covery result. Thus, there exists a minimum bank size 
necessary to maintain miscibility and yield complete 
recovery of the oil in place for a given set of conditions. 

Equations describing the deterioration of bank edges 
during miscible displacements have been developed by 
Taylor*” and Aris” for flow in capillaries and extended 
by Von Rosenberg” and by Blackwell, Terry and 
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Rayne® to flow in porous media. According to these 
workers, the absolute length of the mixing zone formed 
during a miscible displacement is described by the equa- 
tion, 


where K = the dispersion coefficient (cm’*/sec), 


L = the length (in cm) of that portion of the 
mixing zone required for the concentration 
of the dispersed material to change from 10 
to 90 per cent of the maximum value, and 


t = the time (in seconds) from the entry of the 
bank edge into the column to the emergence 
of a concentration equal to 50 per cent of 
the maximum value. 


In conditionally miscible displacements of the type 
conducted in the present series, a zone of two-phase 
flow precedes the peak concentration of an enriched-gas 
bank. This is caused by the fact that the displacing gas 
is not initially miscible in all proportions with the reser- 
voir fluids. A certain degree of stripping of butane 
from the enriched gas by the reservoir fluids is neces- 
sary before the input enriched gas becomes miscible with 
those fluids. Near the point of peak butane concen- 
tration thus established through equilibrium and flow 
processes, a region of complete miscibility occurs, giv- 
ing the high displacement efficiency associated with a 
true miscible displacement. The displacement of en- 
riched gas by methane occurring at the trailing edge of 
the bank is, of course, also miscible. 


The displacement of enriched gas by dry gas at the 
trailing edge of a bank during a conditionally miscible 
displacement is described by Eq. 1. However, some 
doubt may arise as to whether or not the equation ap- 
plies to the dispersion occurring in the two-phase region 
at the leading edge. To test the accuracy with which 
Eq. 1 can be used to describe this latter situation, dis- 
persion coefficients were calculated from the experi- 
mental data for displacements in the 20- and 7-ft 
columns using enriched-gas mixtures composed of 25 
per cent normal butane and 75 per cent methane. For 
compliance with theory, the dispersion coefficients for 
the two columns should be equal. A close agreement 
of experimental results with Eq. 1 is indicated by the 
fact that the coefficients obtained for the displacements 
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were 33.8 X 10° and 34.4 X 10° cm’/sec for the 20- 
and 7-ft columns, respectively. These results indicate 
that Eq. 1 may be useful in describing the deterioration 
of both the leading and trailing edges of banks during 
conditionally miscible displacements. 


For those cases in which a reservoir is uniformly 
flushed by invading gas and a piston-like miscible dis- 
placement of oil occurs, Eq. 1 may be used to estimate 
an effective minimum bank size. This type behavior may 
exist in a tilted reservoir when the proper balance to 
prevent fingering is maintained between viscous and 
gravitational forces. Dispersion coefficients calculated 
for the 0.40-pore volume miscible-gas bank in the 7-ft 
tube were 34.4 X 10° and 63.2 X 10° cm’/sec for 
the leading and trailing edges, respectively. Application 
of these coefficients to a uniformly flushed 5,000-ft 
reservoir requiring 20 years for depletion gives a mixing 
zone of 55.3 ft for the leading edge and 75.0 ft for the 
trailing edge. Thus, the minimum bank size required 
for complete recovery would be % X 130.3 = 65.2 ft 
in length or slightly over 0.01 hydrocarbon pore volume. 
In most reservoir situations, gravity segregation of oil 
and gas is not a significant factor in causing a uniform 
displacement of oil. Several factors act to cause non- 
uniform flushing of a reservoir by gas. These include 
channeling or fingering of the gas through the oil, 
gravity overriding and by-passing due to permeability 
stratification. These factors act to disperse the enriched- 
gas bank; thus, larger bank sizes will be required than 
for more uniform displacements. 


IMMISCIBLE DISPLACEMENTS 


When the concentration of intermediate hydrocarbons 
in an enriched gas falls below that required for miscible 
displacement, factors other than diffusion and convec- 
tion contribute to the deterioration of the bank. As a 
consequence, attempts to correlate the dispersive effects 
by means of Eq. 1 are unsuccessful. 


Since the over-all composition of the flowing material 
comprising the enriched-gas bank falls within the two- 
phase region of the ternary phase diagram during 
immiscible displacements, equilibrium phase behavior 
should strongly influence mixing of the intermediate 
hydrocarbons. A simplified theory developed to show the 
contribution of phase behavior to mixing for an ideal- 
ized situation in which no liquid is flowing is given in 
the Appendix. 


This theory indicates that the dispersion of an en- 
riched-gas bank is influenced strongly by the value 
of the vapor-liquid equilibrium constant for the enrich- 
ing agent in the gas bank. If the equilibrium constant 
is less than one, the leading edge of the enriched-gas 
bank will tend to become diffuse and the trailing edge 
to remain sharp. Over the range of concentrations con- 
sidered in the present work, the equilibrium constant for 
normal butane ranges from 0.25. to 0.58. Upon exami- 
nation of the concentration profiles for the produced 
gas banks resulting from immiscible displacements with 
butane-enriched gas (Figs. 7 and 8), it is seen that the 
leading edges of the banks were diffuse as compared 
to the trailing edges. The fact that the trailing edges 
deviated somewhat from the very sharp concentration 
gradient predicted by theory may be attributed to con- 
vection and diffusion effects not taken into account in 
this simplified theory. As was to be expected, these 
deviations were more pronounced for shorter column 
lengths. 
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This theory also predicts that the fraction of the 
reservoir length occupied by mixing zones will be in- 
dependent of the length of the reservoir. Therefore, for 
a linear displacement, the fraction of the hydrocarbon 
pore volume included in the mixing zcnes should be 
a constant, regardless of the length of the reservoir. As 
is seen in Table 3, the average fraction of the hydro- 
carbon pore volume occupied by leading edges of the 
banks during immiscible displacements was 0.21 for 
the 20-ft column and 0.24 for the 7-ft column, For the 
trailing edges of the banks, however, a discrepancy was 
observed. Values of 0.04 and 0.15 hydrocarbon pore 
volume were obtained for the 20- and 7-ft columns, 
respectively. For sufficiently large banks, the absolute 
(rather than the relative) lengths of the mixing zones on 
the trailing edges were about the same in the 7- and 


in the 20-ft columns. This apparent stabilization may — 


indicate a balance between dispersive forces and sharp- 
ening effects which are caused by mass transfer between 
phases. If this holds true for much greater column 
lengths, the dispersion occurring at the trailing edge 
of a bank will be of minor importance as compared to 
that at the leading edge and can be neglected. 


In the use of laboratory data to estimate reservoir 
behavior, semi-quantitative estimates can be made only 
for those cases in which channeling, fingering, or other 
forms of by-passing of oil by gas do not occur. For the 
materials, flow rates and reservoir conditions used in 
these experiments, dispersicn zones for the leading edges 
of the banks averaged approximately 0.24 hydrocarbon 
pore volume. Following the reasoning given previously 
and neglecting the dispersion occurring at the trailing 
edge of a bank, the minimum bank size on a reservoir 
scale should be 1% X 0.24, or 0.12, hydrocarbon pore 
volume. 


COMPARISON OF MISCIBLE AND 
IMMISCIBLE DISPLACEMENTS 


In general, displacement with a gas bank of insuf- 
ficient richness to produce miscibility requires more en- 
riching material than is necessary for the miscible dis- 
placement and recovers less of the oil in place. In ad- 
dition, a greater total gas injection is required for 
ultimate recovery. As is shown in Figs. 5 and 7, 1.4 
to 1.5 pore volumes of total gas injection are required 
to reach ultimate recovery, and 1.7 pore volumes are 
required for recovery of the enriched-gas bank. If the 
enriched gas used during an immiscible displacement 
contains several intermediate hydrocarbons rather than 
one, chromatographic separation of the enriching ma- 
terials causes a further decrease in the ultimate recovery 
and an increase in the total gas injection required. 


CONCLUSIONS 


From the results of the present investigation, the 
following conclusions were reached. 


1. In reservoirs in which gross by-passing of oil by 


enriched gas does not occur, small banks of enriched 
gas driven by methane may be used to effect an cil 
recovery comparable to that produced by continuous 
injection of enriched gas. 


2. For cases in which no by-passing of oil occurs, the 
dispersion of an oil-miscible, enriched-gas bank is con- 
trolled by diffusional and convectional mixing of the 
solvent in the oil. 


3. For cases in which no by-passing of oil occurs, 
the dispersion of an oil-immiscible enriched-gas bank 
is controlled largely by distribution of the various hydro- 
carbons between gas and oil according to the laws of 
equilibrium phase behavior. 

4. Displacement with an oil-miscible bank offers the 
following advantages over displacement with an im- 


_ miscible bank: (a) oil recovery is greater; (b) total gas 


injection for ultimate recovery is less; and (c) in long 
flow systems, smaller minimum bank sizes and smaller 
quantities of enriching materials are required. 
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TABLE 3—SIZE OF DISPERSION ZONES FOR IMMISCIBLE DISPLACEMENTS 


Size of Dispersion Zones 
Leading Edge Trailing Edge 


Cc . of Bank Bank Size Col. Length 
(mol agent) (H.P.V.) (ft) (H.P.V.) (ft) (H.P.V.) (ft) 

15% Gs 0.30 20 0.233 4.65 0.038 0.76 
15% C4 0.10 20 0.192 3.84 0.043 0.86 

Average................ 0.212 

7 0.200 1.40 0.107 0.75 
15%, Cs 0.10 7 0.310 2.17 0.134 0.94 
15% Cs 0.05 if 0.225 1.58 0.260 1.82 
Average...............- 0.244 0.152 
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APPENDIX 


SIMPLIFIED MATHEMATICAL MODEL FOR 
DISPERSION OF ENRICHED-GAS BANKS 
DURING IMMISCIBLE DISPLACEMENT IN 

SAND-PACKED TUBES 


For this derivation, a simplified system will be as- 
sumed which consists of three components: Component 
1, a nonvolatile oil; Component 2, a distributed com- 
ponent; and Component 3, an insoluble gas. A one- 
dimensional system with gas mobile and liquid im- 
mobile will be considered. The following assumptions 
are made: (1) the system is at constant pressure, (2) 
there is negligible longitudinal diffusion, (3) complete 
phase equilibrium is instantly attained at any cross 
section and (4) the volume of distributed component in 
the gas and oil may be neglected in comparison with the 
volumes of the insoluble gas and the nonvolatile oil. 

Let g = moles of Component 3 injected per unit 

time (a constant), 
n, = moles of Component 1 per unit length of 
tube (a constant), 
n, = moles of Component 3 per unit length of 
tube (a constant), 
u = linear dimension of sand-packed tube, 
y, = mole fraction of distributed component in 
gaseous phase, 
Xx, = mole fraction of distributed component in 
liquid phase, and 
K, = equilibrium constant for distributed com- 
ponent. 
A material balance will be performed for a differential 
element, du, of the sand-packed tube shown in Fig. 11. 


g ( ) = moles of distrib- 
uted component 
input to du per 


unit time. 
g )+ du | = moles of distrib- 
uted component 


output from du 
per unit time. 


+ m( ; )| du = moles of distrib- 
uted component 
in the element du. 


Fic. 11—Sanp Packep Tuse Usep 1n MATERIAL BALANCE 
PROBLEM IN THE APPENDIX. 


( )+ )| du = accumulation of 
17% 1—y:J} distributed com- 


ot ponent in du per 
unit time. 


Input — Output = Accumulation. 


y2 y2 


Ou ot 


(A-1) 


y, is eliminated from this equation by use of the rela- 
tionship y. = Kx; the resulting equation is then trans- 
formed by a change of independent variables to yield 


(A-2) 

where 


R ( 1 ): 
Eq. A-2 gives the rate of travel in the liquid phase of 
a particular concentration of the distributed material. 


Two types of behavior are possible, depending upon 
whether K, is larger or smaller than one. If K, is 
larger than one, the quantity R tends to decrease with 
the increasing x.. The resulting tendency for high con- 
centrations of the enriching agent to travel faster than 
low concentrations causes a sharpening of the lead- 
ing edge of the bank and a dispersion of the trailing 
edge. Conversely, if K. is less than one, lower con- 
centrations tend to travel faster than higher concen- 
trations. This leads to a disperson of the leading edge 
and a sharpening of the trailing edge of the bank. 


The length of a dispersion zone is determined by the 
differences in velocity between the maximum and mini- 
mum concentrations considered and the time traveled. 
The length of the transition zone is thus proportional 
to the distance traveled. tok ok 
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ABSTRACT 


A new method for obtaining equilibrium vaporiza- 
tion ratios (K-values) for reservoir fluids has been de- 
veloped and tested. By application of the method, com- 
plex experimental measurements of liquid and vapor 
phase compositions are eliminated. This simplified tech- 
nique reduces the cost of experimental equilibrium- 
ratio data for reservoir studies of condensates and vola- 
tile crude-oil systems. 


The method is designed for systems of constant com- 
position and, therefore, is best suited for depletion 
studies where compositional changes at high pressures 
are minor. The basic data required, in addition to the 
composition of the initial reservoir fluid, are the relative 
vapor-liquid volumes and densities at reservoir tempera- 
ture and various reservoir pressures. 

Tests demonstrated that the method. predicts equilib- 
rium ratios accurately for condensates. A single test on 
a crude oil was not conclusive; further testing will be 
necessary before the accuracy of the method can be 
determined for crude-oil systems. 


In addition to determining equilibrium ratios, the cal- 
culation method provides information on the physical 
properties of the “plus” component in the vapor and 
liquid phases. The “plus” component is that mixture of 
components heavier than the least volatile fraction an- 
alyzed. This information is useful in studies of both 
natural depletion and cycling operations for condensate 
reservoirs where the heptanes-plus component in the 
gas phase is produced from the reservoir. 


INTRODUCTION 


As more volatile oil and condensate reservoirs are 
found, the use of phase behavior techniques to predict 
their performance is increasing in importance. These 
techniques have long been used for condensate fields 
and have more recently been applied to crude-oil fields 
containing oils of medium-to-high volatility.”* In these 
phase behavior methods, equilibrium ratios (K-values) 
are used to predict compositional changes in the reser- 
voir fluids—thereby accounting for the recoverable oil 
that exists in the gas phase. The reliability of the pre- 
dictions depends to a large extent on the equilibrium 
ratios used. These values must be obtained for each 
component for the entire pressure range being investi- 
gated. 


Original manuscript received in Society of Petroleum Engineers 
office Nov. 25, 1959. Revised manuscript received Sept. 23, 1960. 


1References given at end of paper. 
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Unfortunately, because of the complex nature of 
hydrocarbon mixtures, accurate K-values are hard to 
obtain. The equilibrium ratios for a particular com- 
ponent will vary not only with the temperature and 
pressure, but also with over-all composition of the sys- 
tem. The importance of composition is quite critical 
at elevated pressures, but becomes negligible at pres- 
sures below about 300 psia. Therefore, because most 
phase behavior problems involve the high-pressure 
region, each fluid system becomes a special case. Experi- 
mental programs to determine characteristic K-values 
are quite difficult and time-consuming. Thus, it is 
often necessary to resort to approximations of the 
K-value data. Charts giving K-values for various mix- 
tures and classes of mixtures are available in the liter- 
ature. However, there are two major difficulties in 
using them: (1) the K-values of the “plus” component 
(that mixture of components heavier than the last one 
analyzed) must be obtained by extrapolation from the 
K-values of the other components; and (2) the K-values 
obtained must finally be adjusted by trial and error to 
agree with observed volumetric data. 


To eliminate these difficulties, a new method of de- 
termining equilibrium ratios was developed. Briefly, 
after the composition of the system as a whole has 
been analyzed, the method uses empirical correlations 
and the gross fluid properties of the system (relative 
vapor-liquid volumes and densities) to calculate K- 
values. Because the calculative procedure is long, it is 
best solved on a digital computer. About one hour of 
machine time on an IBM 650 computer is required to 
develop a K-chart for the fluid being examined. 


DEVELOPMENT OF THE METHOD OF 
OBTAINING K-VALUES 


Equilibrium ratios are defined as the ratio of the 
mole fraction of a component in the vapor phase to 
its mole fraction in the liquid phase. This statement 
is expressed in Eq. 1. 


Xn 


A typical plot of equilibrium ratios for a particular 
system is shown in Fig. 1. It should be noted that, at 
pressures near the saturation pressure, the K-values 
appear to converge to a common point. This apparent 
convergence point is called the convergence pressure 
and is a characteristic of the system involved. 


Various empirical correlations of K-values have been 
noted. It has been observed that an isothermal plot of 
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CONVERGENCE 
PRESSURE (Py) 


fo) 


LOG EQUILIBRIUM RATIO (K,) 


LOG PRESSURE 


Fis. 1—Equitisrium Ratio CHART 
(Constant TEMPERATURE). 


the logarithm of the equilibrium ratios of components 
within a mixture at any pressure level vs the normal 
boiling points of these components is very close to a 
straight line. Extending this correlation, other investiga- 
tors‘ found that the log of the product of equilibrium 
ratios and the pressure level of the system plotted vs 
component characterization factors* is also very close to 
a straight line. The latter situation led to the establish- 
ment of the theoretical method of calculating K-values. 


Basic ASSUMPTIONS 


The assumptions made in developing the calculation 
method result from the correlations of K-values de- 
scribed previously. 


1. An isothermal plot of logarithm K,P vs F, may 
be represented by a straight line. Although this type of 
plot normally results in a curve, it is postulated that 
these data may be adequately represented by an average 
straight line, thereby resulting in K-values which not 
only are satisfactorily close to the measured values but 
which also will reproduce both the volumetric and den- 
sity data necessary for predicting reservoir performance. 


2. This straight line at atmospheric pressure is inde- 
pendent of fluid composition and is, therefore, a func- 
tion of temperature only. The values for K, at atmos- 
pheric pressure and difficult temperatures may be ob- 
tained from standard K-charts. 


3. For a particular system of constant over-all com- 
position, the family of curves resulting from different 
pressure levels in the relationship log K,P vs F, meet 
at a common point. Such a family of curves is illus- 
trated in Fig. 2. 


4. A single component characterization factor may 
be assigned to the “plus” (heaviest) component in the 
system if the amount of that component in the system 
is very small (less than about 1 per cent). (The value 


*The component characterization factor is obtained from the rela- 

tionship bia (7 . The development of this correlation is ex- 
n 

plained in Ref, 4. 


314 


LOG 


"PLUS" COMPONENT 


BUTANES 
METHANE 


COMPONENT CHARACTERIZATION FACTOR by 
in 


a 


Fic. 2—CorreLaTION oF EQuiLisrium Ratios. 


of b, in the function F, for this component may be ob- 
tained from data in Ref, 4.) 


DEVELOPMENT OF EQUATIONS 


The method to be described might be called a com- 
bination mathematical-experimental method, since cer- 
tain experimental work must be completed on a system 
before equilibrium ratios can be determined. Experi- 
mental data required include (1) reservoir temperature, 
(2) the composition of the system being examined, (3) 
saturation pressure (the bubble-point pressure for a crude 
oil or the dew-point pressure for a condensate), (4) 
relative vapor-liquid volumes and (5) relative densities 
as functions of pressure. Density information is used 
to establish the characteristic convergence pressure of 
the fluid, and the volume data are then used with the 
convergence pressure to determine K-values. 


Since the theoretical convergence pressure may be 
established in ways other than described in this paper,** 
the mathematical procedure for obtaining equilibrium 
ratios from a known convergence pressure will be dis- 
cussed first. For this part of the calculative procedure, 
only the relative vapor-liquid volumes need be known. 


The equation which describes the molal vapor-liquid 
distribution within the two-phase region may be written: 


n n Nz, 
1 

VK, 


All equilibrium ratios in this equation may’ be ex- 
pressed as a function of one unknown (s,) in the fol- 
lowing relationship. 


Eq. 3 is the equation for the family of straight lines 
obtained from a plot of the logarithm of K,P vs F, 
(Fig. 2). The slope of these lines is s, and the point 
of intersection for this family is designated by P, and 
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F,. It is postulated that P, is the same as the conver- 
gence pressure described earlier and illustrated in Fig. 1. 
For this discussion, P, is assumed to be known. The 
value of F, corresponding to a particular P, may be 
obtained from a plot of the logarithm of K,P, vs F,. 
Since this line involves K-values at atmospheric pres- 
sure, it is independent of fluid composition and a func- 
tion of temperature only. 


By substituting Eq. 3 into Eq. 2 and setting the total 
number of moles (N) in the system equal to one, an 
equation in one unknown is obtained. 


a 


e Sp (FE - + il 


Although the number of moles of vapor in Eq. 4 is 
not known explicitly, it is known through a relation- 


ship with the relative vapor-liquid volumes determined 


experimentally. The method of solving this equation is 
to assume the quantity (1-V)/V and iterate on s, until 
‘the calculated quantity on the right side of Eq. 4 equals 
the moles of vapor originally assumed. After a solution 
of s, has been obtained, the composition of the vapor 
and liquid phases may be calculated from the following 
relationships developed from Eq. 1 and 2. 


Zn 1 
(>) 
k 
(6) 


With the composition and quantities (in moles) of 
vapor and liquid phases known, the vapor-liquid 
volumes may be calculated’ and compared with the 
experimentally determined volumes. If the two are not 
equal, a new (1 — V)/V ratio is assumed and the en- 
tire iterative procedure is repeated until agreement is 
obtained. The K-values are then determined from Eq. 3. 


DETERMINATION OF CONVERGENCE PRESSURE 


In the foregoing discussion, it was assumed that the 
convergence pressure was known for the particular sys- 
tem involved. Literature sources** indicate several ways 
of determining this point. However, these methods some- 
times give convergence pressures differing by several 
thousand pounds per square inch for the same fluid. 
Because of these great deviations, a new method based 
on experimental data from the system being examined 
was devised to establish the convergence pressure more 
accurately. 


This new method required relative vapor-liquid den- 
sity data within the two-phase region and also at the 
saturation pressure. Actually, as shown in the following 
equations, a convergence pressure can be calculated di- 
rectly from the saturation pressure data alone. However, 
in the application of this method to two condensate 
fluids, new criteria were established for the determina- 
tion of the convergence pressure of a system. The tech- 
nique is to determine, from a range of fluid densities at 
the saturation pressure, that convergence pressure which 
will yield the best match between calculated and experi- 
mental densities within the two-phase region. 


The basic equations used in the calculation of con- 
vergence pressure are the bubble-point equation (K,z, = 
y,) for crude-oil systems, or the dew-point equation 
(z,/k, = X,) for condensates. With the fluid density 
known at the saturation pressure, two equations in two 
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unknowns (s and P,) can be developed from these 
equations. For a condensate system, * 


1 


E = (Ww, + aw. | = 


where Wi, W. and p;, are functions of s, as indicated 
in the Appendix, and 


(1.) 


For a crude-oil system, 


n 7 
= 1 b 
Py = 9 
4 
(I ) (Sq $y) 


Since Eqs. 7 and 9 involve the unknown s (the slope 
of K,P line) implicitly, a trial-and-error procedure is 
required. A value of the slope (s, or s,) is assumed and 
Po OF p,, depending upon the hydrocarbon system being 
studied, is calculated. The calculated density must equal 
the experimental density or a new value for the slope 
(sz Or s,) must be selected. This procedure is repeated 
until the calculated density is equal to the experimental 
density. After the slope has been determined, the con- 
vergence pressure of the condensate or crude oil may 
be determined directly from Eq. 8 or Eq. 10. 


Thus, by utilizing the applicable convergence pres- 
sure equation and the basic K-calculation equation in 
the two-phase region, a K-chart for a particular fluid 
may be determined. 


APPLICATIONS 


To test the applicability of the theoretical K-calcula- 
tion method and to determine the accuracy of calculated 
K-values, test calculations were completed on four reser- 
voir systems — a crude oil and three condensates. Ex- 
perimental data on these systems were available from 
other studies made by the Creole Petroleum Corp. and 
Humble Oil & Refining Co. Both were very helpful in 
allowing us to use these data. The Creole data were 
obtained by W. P. Banks, Jersey Production Research 
Co., while the Humble data were obtained by J. S. 
Crump and A. E. Hoffman, Humble Production Re- 
search Div. Tests on all condensate fluids showed excel- 
lent agreement with experimental data, but the test 
on a crude-oil system was inconclusive. 


CONDENSATE TESTS 


Three condensate fluids were studied — a synthetic 
sample and two natural condensates. Only the results 
of one of the tests (a natural condensate) will be given 
here; however, the agreement between calculated and 
experimental K-values for the other two systems was 


*Hqs. 7 through 10 are developed in the Appendix. 
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equally good. Experimental data were available to test 
the entire calculative method. The basic data were 
relative vapor-liquid volumes and densities (Fig. 3) and 
a complete compositional analysis to 29 fractions. (Al- 
though the method does not require this detailed a 
compositional analysis, some definition past heptanes is 
recommended so that the changing physical properties 
of the heptanes-plus fraction can be adequately repre- 
sented. Possibly this could be done for an analysis out 

Three features of the calculations are of particular 
interest. One concerns the determination of a conver- 
gence pressure, the second concerns the characteristics 
of the calculated K-values and the third involves the 
changes calculated with pressure of the physical char- 
acteristics of the heptanes-plus component. 


The convergence pressure was determined in the man- 
ner as shown in the Appendix. Experimental oil densi- 
ties within the two-phase region were plotted vs pressure, 
and with the shape of the curve as well as the absolute 
values of the density as the deciding criteria, a con- 
vergence pressure of 10,900 psia was determined. With 
this value, a satisfactory match of the shape of the 
experimental density curve was obtained; the maximum 
deviation between the calculated and experimental den- 
sity data is 2.5 per cent. This comparison is shown in 
Fig. 3. The difference in densities is within experimental 
error and the correlation error of the method for cal- 
culating liquid densities’ at high pressures and tempera- 
tures. It can be seen (Fig. 3) that the 10,900-psi con- 
vergence pressure corresponds to a substantial lowering 
of the liquid density as pressure increases to the dew 
point. There are two possible explanations for this be- 
havior. First, as pressure is increased on a gas-oil mix- 
ture, increasing amounts of methane go into solution. 
At a high pressure, the amount of methane going into 
solution may overcome the compressibility effects of 
pressure and become the controlling factor in the liquid 
density. Second, as the pressure on a condensate in the 
two-phase region is raised, liquid density drops. How- 
ever, the drop is probably not extreme unless the operat- 
ing temperature of the system is close to its critical 
temperature, In this case, close to the dew-point pres- 
sure, the physical properties of the liquid phase may 
approach those of the gas phase more rapidly than at 
lower pressures, causing a rapid drop in liquid density. 


Using the convergence pressure of 10,900 psi, the 
liquid-vapor volume curve (shown in Fig. 3) was 
matched and K-values were determined. An excellent 
match with experimental data was obtained for methane, 
hexane and the heptanes-plus (Fig. 4). Here, the hep- 
tanes-plus fraction was broken down into 13 components 
in the calculations so that changes in physical properties 
of this fraction with changing pressures could be better 
represented. (The plot in Fig. 4 shows the average K- 
values of these 13 components.) The difference between 
calculated and experimental K-values (Fig. 4) for the 
ethane through pentane components, although not great, 
may be due to experimental error since quite a scatter 
exists in the experimental K-values of the fractions mak- 
ing up the butane and pentane groups. An interesting 
result from the test of the method on this fluid is the 
reversal of slope occurring in the calculated K-value 
curves as they approach the dew-point pressure of the 
system. This behavior reflects the reversal in slope of 
the relative liquid volume curve (Fig. 4) and occurs 
in spite of the fact that a single convergence pressure 
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was used for this set of K-values, Similar behavior was 
observed experimentally by Standing and Katz.’ 


The third feature of interest in this test was the calcu- 
lated change with pressure of the molecular weight and 
specific gravity of the heptanes-plus fraction in the 
liquid phase (Fig. 5). These characteristics were ob- 
tained as a result of breaking the heptanes-plus fraction 
into several components, The decrease in the molecular 
weight and specific gravity of the liquid heptanes-plus 
fraction at pressures near the dew point reflect the 
radical decrease in the liquid density previously dis- 
cussed. 


CRUDE-OIL TEST 


All necessary data for testing the K-calculation 
method were available on this system except for rela- 
tive density information. The relative volume data are 
shown in Fig. 6, On this system, the compositional 
analysis was carried out to only seven fractions to 
heptanes-plus. As explained in the next paragraph, a 
more detailed definition of the heptanes-plus fraction 
appears important in crude-oil tests. 
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Since relative density data are used in calculating the 
theoretical convergence pressure, it was necessary to 
assume several convergence pressures, each yielding a 
slightly different set of K-values which would reproduce 
the observed vapor-liquid relative volumes. The con- 
vergence pressure that gave the best match between 
calculated and experimental K-values was assumed to 
be correct. The relative vapor-liquid volumes for this 
fluid are shown in Fig. 6, and results of the calculations 
are shown in Fig. 7. Some anomalies may be noted 
between the calculated and experimental K-values for 
the heptanes-plus fraction of the crude oil. The reason 
for these anomalies may be attributed to the component 
characterization factor used. A proper representation of 
this “averaged” component was not obtained in these 
calculations because its physical characteristics change 
with pressure in the vapor and liquid phases. This could 


well be a hazard that results when only a single factor— 


is used to represent the plus component. Additional 
tests are needed to determine the proper amount of 
definition needed for this component in crude-oil 
systems. 


SUMMARY AND CONCLUSIONS 


To eliminate the necessity of costly and time-consum- 
ing laboratory procedures for obtaining K-values from 
compositional analyses, a new method for determining 
K-values on constant-compositions systems has been de- 
veloped and tested. The new method substitutes meas- 
urements of gross fluid properties for detailed composi- 
tional analyses. 

The theoretical portion of the method is based pri- 
marily upon two empirical observations: (1) a plot of 
log K,P vs F, (a correlation factor) may be adequately 
represented by a straight line at any pressure; and (2) 
the family of straight lines corresponding to different 
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pressure levels meet at a common point — called the 
convergence pressure. The relative vapor-liquid density 
data are used to calculate the convergence pressure, and 
relative vapor-liquid volume data combined with this 
convergence pressure are then used to determine K- 
values. 

Tests were made on four reservoir fluids for which 
data were available. The four fluids studied were a 
crude oil and three condensates. The results of these 
studies lead to the following conclusions. 
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constant in empirical density equation = 


FLUID B (CONDENSATE) 0.0057908 
sebelah Sele d,; = constant in empirical density equation = 
0.012211 
a a, = constant in empirical density equation = 
0.0027214 
" = i irical density equation = 
Beanoettion oe ds = constant in empirical density eq 
CRUDE OIL SYSTEM 2 
ca COMPONENT MOLE % 1 1 oR 
Pp METHANE 49.74 b = (log log 14.7) = 
ETHANE 8.60 fan on 
: e = base of the natural logarithm 
f = function of 
2 F = component characterization factor = 
3 fo Tan 
I = intercept of In K,P vs F, 
s N = total moles 
Saal P, = convergence pressure 
d P = pressure, psia 
s = slope of 1n K,P vs F,, slope from natural 
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T = temperature, °R 
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n = component — e.g., 1 = methane, 2 = 
ethane, etc. 
P = pressure 
r = reservoir 
T = temperature, °F 
1, 2 = with w,, w, indicates weight per cent of 
methane or ethane 


1. Application of the theoretical K-calculation meth- 
od to three condensate fluids demonstrated that accurate 
K-values can be predicted for this type of reservoir 
system. However, the single test on a crude oil was 
inconclusive. Additional testing on crudes is needed to 
verify the applicability of the method to this type of 
reservoir fluid. 


2. Because the method permits determination of ac- 


curate K-values at considerable savings of time over REFERENCES 
normal experimental methods, it provides a practical 
basis for handling natural depletion studies of conden- 1. Jacoby, R. H. and Berry, V. J., Jr.: “A Method for Predict- 


ing Depletion Performance of a Reservoir Producing Vola- 


Ecce volatile oil reservoirs by a phase behavior tile Crude Oil”, Trans., AIME (1957) 210, 27. 
2. Brinkman, F. H. and Weinaug, C. F.: “Calculated Perform- 
3. The theoretical K-calculation method provides in- ance of a Dissolved Gas Drive Reservoir by A Phase Be- 
formation on the physical properties of the “plus” (hep- havior Method”, AIChE Jour. (Mar., 1957) 3, No. 1, 29. 
tanes or decanes and heavier) component in the vapor 3. “Engineering Data Bock”, Natural Gasoline Supply Men’s 
and liquid phases, As a result of performing the calcula- Assoc. (1957) 161 and K-1. 
tions one 20-component basis, it was found that the 4. Hoffman, A. E., Crump, J. S. and Hocott, C. R.: “Equilib- 
changing physical characteristic of the “plus” com- rium Constants for a Gas-Condenate System”, Trans., 
ponent in the vapor and liquid phases could be deter- AIME (1953) 198, 1. 
mined. This factor could be very important in operations 5. Brown, G.G., Katz, D. L., Oberfell, G. G. and Alden, R.C.: 
where one phase is left behind in the reservoir with a “Fluid Densities”, Natural Gasoline and the Volatile Hydro- 
different “plus” component than was present in the carbons, (1948) 23. 
original system. 6. Hadden, S. T.: “Convergence Pressure in Hydrocarbon 
Vapor-Liquid Equilibria”, Chem. Eng. Prog. Symposium 
NOMENCLATURE* Series 49 (1953) No. 7, 53. 
os: 4 (p.) 14.7, 60°F 7. “Convergence Pressure Concept”, Equilibrium Ratio Data 
A = correction factor, A = eon Heal oe Gasoline Association of America (1955) 
oa} pv 
o)pr Obtained from Figs. 39 and 41 
es 8 sar OL 8. Hanson, G. H. and Brown, G. G.: “Vapor-Liquid Equilib- 
: ria in Mixtures of Volatile Paraffins”, Ind. and Eng. 
a, = constant in empirical density equation = Chem. (Sept., 1945) 37, No. 9, 821. 
0.013467 9. Standing, M. B. and Katz, D. L.: “Vapor-Liquid Equilibria 
*For other symbol definitions, see AIME Symbols List in Trans. of Natural Gas-Crude Oil Systems”, Trans., AIME (1944) 
AIME (1956) 207, 816. 55, 232: 
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APPENDIX 


DERIVATION OF CONVERGENCE PRESSURE 
EQUATIONS FOR CONDENSATE AND 
CRUDE-OIL SYSTEMS 


CONDENSATE SYSTEM 
At the dew point of a system, the composition of the 


phase (Zz. = y,). Therefore, the composition of the 
liquid phase is 
Zn 
Substituting Eq. 3 into Eq. 7a, 


The density of the hydrocarbon mixture from propane 
through the nth component is 


n n 
Ds x,M,, Z,M,e n 
Murs 
P3+ x,M,, n Z,M ,e - 8qF (7c) 
> 
3 Pa 3 Pn 


The weight per cent of ethane in the ethane-plus 
system and methane in the methane-plus system are 


_ 100M,x, Zoe 


- (7d) 
2 2 
w,= 100M,x, - (Je) 


n n 


The density of the oil phase at 14.7 psia and 60°F 
‘may be obtained through Fig. 45 on page 56 of Ref. 5 
if the factors w,, w, and p,, are known. The correlations 
in Fig. 45 of Ref. 5 were fitted to an empirical equation 
which is 
p.(14.7, 60°F) = [(1 — aw.) py, + awa] 

[1 — a,(w. + aw, 


where 4,, a, a, a, and a; are empirical constants. The 
numerical values are given in the Nomenclature. 


From Figs. 39 and 41 on pages 50 and 54 of Ref. 5, 
a liquid density at a known temperature and pressure 
may be corrected to a pseudodensity at 60°F and 14. 7 
psia, the same pseudodensity as given in Eq. 7f. The 
correction factor as denoted by the symbol “A” is de- 
fined as follows. 


p.(14.7, 60°F) 
Po (P, T) 


An equation in one unknown (s,) may be written from 
Eqs. 7f and 7g. This is Eq. 7. 


A= (7g) 


Eq. 8 is developed from the following steps. Eq. 7b 
is summed. 


At the point of intersection between the dew pcint 
K,,P, line and the atmospheric K,P, line, an expression 
for F, may be written in terms of the known quantities 


n 
=1= 
1 
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Combining Eqs. 8a and 8b, Eq. 8 is obtained. * 


n 8a) (8a - 8d) 
P, > Zn€ 
1 


CRUDE-OIL SYSTEM 

At the bubble point of a crude oil, the composition of 
the liquid phase and the system are the same (z, = X,). 
Therefore, the composition of ‘the vapor phase is 


Substituting Eq. 3 into Eq. 9a and summing, 
n P,e- n 
1 b 1 
The molecular weight of the gas phase is 
n P,e- n 
y,M, = M, = . (9c) 
1 P, 1 


From the gas law, Pv = ZVRT, M, may be obtained 
in terms of the density of the gas phase (V = 1). 


From Fig. 29 of Ref. 5, the gas compressibility factor 
Z is shown to be a function of gas composition, temp- 
erature and pressure. Since the dew-point gas composi- 
tion is a function of convergence pressure and s,, Z 
may also be expressed as in Eq. Qe. 


Z = 54, Tr, Ps) 


The four independent equations (Eqs. 9b, 9c, 9d and 9e) 
involve the four unknowns: s,, M,, Z and the quantity 
P,e *"*.Therefore, each of these quantities may be 
determined. However, since an explicit relationship could 
not be easily determined for Eq. 9e, Eq. 9 was obtained 
simply by combining Eqs. 9b, 9c and 9d. 


a 8 
Ps 1 


Zn€ 
1 


The method of solving Eq. 9 is then a trial-and-error 
procedure. A value of Z is assumed and s, is determined 
from Eq. 9. 


(9) 


The dew-point gas composition is then determined 
from Eqs. 9b and 9a. All factors are then known to 
determine Z from Fig. 29 of Ref. 5. If the Z factor 
from Fig. 29 of Ref. 5 is the same as that assumed, 
then the iteration on Z is completed and the correct s, 
has been determined. If the assumed and calculated Z 
factors are different, a new Z (usually the one just 
calculated) must be assumed and the entire procedure 
must be repeated. 


Eq. 10 is developed by combining Eqs. 9b and 8b: 


(1,) 


(10) 


P, = 


*Note that ‘“‘e”, the base of the natural logarithm, has been used in 
this work. The slope of the atmospheric pressure line KnPa obtained 
on regular semilog paper must be multiplied by the conversion factor 
2.3038 
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Conduction-Convection in Underground Combustion 


H. R. BAILEY 
B. K, LARKIN 
JUNIOR MEMBER AIME 


ABSTRACT 


A model of heat flow in an underground combustion 
process is studied. This model includes convection ef- 
fects and thus is more general than previous studies 
which considered conduction as the only mechanism for 
heat transfer. Both linear (tube run) and radial (field 
application) geometries are considered. The effects of 
ignition heaters, vertical losses and finite source width 
are considered for the linear case. 


The results are in the form of equations and are pre- 
sented in graphical form for a number of cases. Con- 
vection effects increase frontal temperatures about 25 
per cent over those computed for conductive transfer 
for typical field operating conditions. This increase in 
temperature is a result of heat being transported toward 
the front by the injection gas. Even greater temperature 
increases are realized as the per cent oxygen in the in- 
jection gas decreases. 


It is well known that compression costs are of con- 
siderable importance in estimating the economic feasi- 
bility of underground combustion. By assuming an 
ignition temperature for the combustion fuel, predic- 
tions of limiting conditions on fuel density and injection 
rate necessary to sustain the combustion zone are made. 
For typical field conditions, at least 0.75 Ib/cu ft of fuel 
are needed with air as the injection gas. If the injection 
gas is 10 per cent oxygen and 90 per cent nitrogen, this 
figure is 0.69 lb/cu ft. 


INTRODUCTION 


The possibility of increasing oil recovery by under- 
ground combustion has been considered for many years. 
Recent field tests’* indicate that the underground com- 
bustion process is technically feasible. The economic 
feasibility depends to a large extent on the amount of 

- air which must be injected to sustain combustion. Pre- 
diction of the success of employing underground com- 
bustion in a particular reservoir must be based on ex- 
isting field tests, laboratory tube runs** and solutions of 
mathematical or analog models. 

Vogel and Krueger’ devised an electrical analog of 
the heat transfer problem in an underground combus- 
ion process. They considered the problem of heat con- 
duction from a cylindrical source with increasing radius 


Original manuscript received in Society of Petroleum Engineers 
office March 1, 1960. Revised manuscript received Sept. 8, 1960. 
Paper presented at AIChE-SPE Joint Symposium, Dec. 7-8, 1959, 
in San Francisco. 


1References given at end of paper. 
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assuming no vertical losses. Bailey and Larkin’’ and 
Ramey* solved the corresponding problem including 
vertical losses by considering a mathematical model of 
the conduction process. Ref. 9, 10 and 11 also present 
information related to the subject study. 


The present paper generalizes these results to include 
both conduction and convection mechanisms for heat 
flow. A model of the conduction-convection process is 
described. The partial differential equations governing 
this model are written and solved for a number of cases 
of interest. The formulas are evaluated and the results 
are presented graphically. 


A CONDUCTION-CONVECTION MODEL 


DESCRIPTION OF THE MODEL 

A number of models are employed in this paper, 
each of which approximate a particular physical situa- 
tion depending on the geometry, i.e., linear or radial 
flow, the type of vertical heat losses, the nature of the 
source, etc. The geometry for both the linear and radial 
case is shown in Fig. 1. A particular linear model is 
described in this section, and variations from this model 
are described in later sections of the paper. 


Consider a homogeneous, semi-infinite porous prism 
with lateral sides insulated as shown in Fig. 1. The left 
end, x = 0, is heated for a time ¢, with a plane heater 


‘supplying a constant heat flux and during this time; 


gas (nitrogen) is passed through the pores of the prism 
at a constant mass flux. At time ¢, the heater is turned 
off and air is injected in place of the nitrogen. This 
causes combustion to take place, and a uniform source 
of width / is formed which moves at a constant velocity 
v, to the right. The frontal velocity v, is related to the 
gas velocity v, through stoichiometric considerations 


Fic, 1—Grometry ror Descrisinc CoNDUCTION 
AND CONVECTION. 
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discussed in Appendix A. It is assumed that the heat 
is transferred by both conduction and convection. The 
conduction flow is due to temperature gradients in the 
solid and is assumed to obey the Fourier law of heat 
transfer. Conduction in the gas phase is neglected. The 
convection effects are due to- the movement of heat 
energy carried in the gas and the transfer of heat be- 
tween the gas at temperature T, and the solid at 
temperature T,. The rate of this heat transfer is as- 
sumed proportional to the temperature difference; the 
constant of proportionality is called the convection co- 
efficient, ha. The mass flux of the gas is assumed con- 
stant. 


In order for the model outlined herein to describe an 
underground combustion process or corresponding tube- 
run application, there are other assumptions which are 
implied and seem justified. Among these are (1) the 


effect of heat transfer due to flow of liquids (water and 


oil), (2) the effect of condensation of vapors ahead 
of the combustion front and (3) formation of vapors 
‘at the combustion front may all be neglected. Differen- 
tial equations describing this model are derived and 
solutions are given in the appendices of this paper. 

Some results concerning the magnitude of these ef- 
fects can be obtained by a gross heat balance, and these 
calculations are given in the following section after 
stating the partial differential equations. 


_HEAT BALANCE EQUATIONS 


DIFFERENTIAL HEAT BALANCE 


Consider a differential element of width Ax of the 
porous prism (Fig. 1) described in the preceding sec- 
+ion. By making a heat balance over the solid and gas 
parts of this element, a system of two partial differen- 
tial equations for the gas temperature 7, and the solid 
temperature T, are obtained. These equations are de- 
rived in Appendix A, and the resulting equations in gen- 
eralized co-ordinates, including the two cases of interest, 
are 


kT? - Cs Os (1-9) — + 
Tg 


where k is the conductivity of the porous medium, c 
is heat capacity, p is density, T is temperature, v is 
velocity or flux with subscripts denoting the gas or solid 
phase, ¢ is porosity, AH is heat content of fuel, W is 
fuel concentration, V’ is the Laplacian operator, div is 
the divergence operator, r is the position variable and 
G(r,r,, 1) defines the source function to be zero outside 
an element located at r = r, and of width / and to be 
1/l inside this element. 


GROSS HEAT BALANCE 


The corresponding problem neglecting convection ef- 
fects has been studied** by considering Eq. la with 
the right-side zero (for the case 1|0). The steady- 
state effect of the heat transfer due to the gas flow can 
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be evaluated by comparing the total heat flux at the 
front due to the combustion source with that due to the — 
gas flow. The following analysis is similar to that given 
by Ramey.° The total flux at the front due to combus- 
tion is given by Q, = AHWy, Btu/ft’hr. The total heat 
flux at the front due to gas flow is given by Q, = c,p,v, 
(T’, — T;,) Btu/ft*hr, where it is assumed that the gas 
temperature at the front = solid temperature at the 
front = T’,. The temperature 7’, is the maximum or 
Steady-state temperature at the front and is related to 
the heat flux Q,, heat capacity of the rock matrix pmCn, 
ambient reservoir temperature 7;, and frontal velocity 
v, by the following relation. 


Q % Qg 
Pn Cm Ve 
Pm mn 


Solving this equation for the maximum temperature 


where 
70) 107 c, MW 


where y is the relative gas velocity, M is the molecular 
weight of the injection gas, Y is the oxygen fraction 
burned at the front and J is the mole fraction oxygen 
in the injected gas. These equations follow from Eq. 
13 for v,p,- 


The corresponding temperature rise neglecting con- 
vection effects is given by 


and, thus, the ratio of maximum temperature rise with 
conduction-convection to that with conduction only is 
given by 


1 


Ty 7; 


Reasonable values for these parameters are W = 1.5, 
pnCn = 28, Y = 1, M = 29, c, = .24, J = .21, and im 
this case y = .192 and (I’m — T:)/(Iu — Ti) = 1.24. 


It should be noted that it has been assumed in this 
analysis that the temperature at the front is the maxi- 
mum possible temperature T’. By considering the ex- 
plicit solutions given in Appendices B and C, it is 
possible to determine the conditions for this assump- 
tion to be satisfied. In particular, for the linear con- 
stant velocity case, the assumption is valid for large 
values of time; for the radial constant injection-rate 
case, the assumption is valid for very high injection rates. 


321 


Thus, the steady-state temperatures including the ef- 
fects of gas flow are on the order of one-fourth higher 
than the corresponding conduction-only temperatures. 
It should be noted that this result gives no information 
concerning the temperature profiles ahead of the front 
or prior to steady state. 


These latter results can be obtained by solving the 
partial differential System 1. This has been done for a 
number of cases, and results are discussed in the fol- 
lowing sections. 


RESULTS 


The results presented in this section include both 
conduction and convection effects for the linear constant 
velocity case (tube-run application) and the radial con- 
stant injection-rate case (field application). Most of the 
results are for infinite convection coefficient ha; how- 
ever, a steady-state solution for the constant velocity 
case (radial or linear) with finite convection coefficient 
is presented. The infinite convection coefficient approxi- 
mation postulates that gas and solid temperatures at a 
point are identical. Also, most of the results are for a 
source of zero width; however, the linear constant 
velocity case is solved for a source of width /. 


To consider convection effects, it is necessary to des- 
cribe the mass flux of the gas v,p,. It is reasonable to 
assume that div (v,p,) = 0; combining this assumption 
with the assumptions of infinite convection coefficient 
and zero source width, it is possible to solve Eqs. la 
and 1b, explicitly. Some of the details of the derivations 
and solutions of these equations are described in the 
appendices. 


The results for both the linear constant velocity and 
radial constant injection rate are presented graphically 
in terms of the relative gas velocity y. 


It should be noted that the steady-state frontal em- 
perature is also expressed in terms of the relative gas 
velocity y, as discussed in the previous section. The 
partial differential equation for the linear constant 
velocity case is given by Eq. 8, and in this case 
y = B/y,. The partial differential equation for the radial 
constant injection-rate case is given by Eq. 12, and in 
this case y = 2n/A where A = U/a. 


The temperatures are expressed in terms of a frac- 
tional temperature rise + given by the formula 


LINEAR CONSTANT VELOCITY 


In this section, a plane source is assumed to move 
through a medium at a constant velocity v,. The gas 
velocity is related to the frontal velocity by assuming 
constant mass flux. Explicit formulas for the tempera- 
ture as a function of time, distance and the various 
parameters are derived in the appendices and given by 
Eqs. 17 and 18. These solutions depend on the bound- 


ary condition assumed at the inlet end of the tube. . 


Two cases are considered—inlet end held at con- 
stant temperature T= 7, and inlet end maintained 
with a constant slope 
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ha INFINITE, NO VERTICAL LOSSES 


Fig. 2 shows the effect of dimensionless time vy t/a 
on the frontal temperature fraction + for various values 
of relative gas velocity y. The surve y = 0 corresponds 
to the conduction-only case and it is seen that the 
steady-state frontal temperature increases with y. 


Another source of heat in most tube-run applica- 
tions is the initial heating at the inlet end prior to in- 
jection of air containing oxygen. There are many ways 
in which this initial heating can be done, and two of 
them are considered: a constant temperature heater and 
a heating rate such that temperature slope remains con- 
stant at the inlet end. The latter represents approxi- 
mately a constant flux. Explicit formulas are given by 
Eqs. 19 and 20 for these cases; it is assumed that the 
heater is turned off after ¢, hours. 


Fig. 3 shows the combined effect of a constant source 
heater turned off after four hours followed by a con- 
stant velocity source moving for an additional seven 
hours. The slope at the inlet end is kept at zero for 
t > t,; this corresponds to an insulator. 


The medium is heated with an initial heater such that 
dr/ox = — 1.63 at x = 0. It is assumed that for the 
first four hours nitrogen is injected at a rate 145 


(|8 TT 
Loa 
CONDITIONS 
t=O at X=0 
ha = @ 
Ke) 
S 
08 
| 
VA 
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scf/ft'hr; at t = 4 the nitrogen is changed to air at the 
same flow rate and the initial heater is turned off. The 
injected air causes a frontal velocity v, of 0.5 ft/hr. The 
maximum temperature in this case is at the inlet end, 
and corresponding graphs for other values of ¢ also 
show that the temperature maximum is at the inlet end 
for all 


Fig. 4 shows the temperature profiles resulting 
from a constant temperature source + = 1.24 at the 
inlet and for 1.4 hours followed by a moving source 
with the temperature at the inlet end kept at + = 1.24. 
The gas flux and other parameters are the same as in 
this example (Fig. 3). In Fig. 4, only the combined 
profiles are shown for various values of time. The posi- 
tion of the maximum temperature is between the in- 
let end and the front and moves to the right as the front 


moves. Similar profiles are obtained, but not shown, ~ 


for conduction-only, and they exhibit the same general 
movement of the position of the maximum tempera- 
ture. The phenomenon of a moving temperature peak 

between the inlet end and the front has been observed 
in published tube-run data by Martin, ef al. * It is not 
possible with the present model to match the condi- 
tions at the left end or the lateral losses of the work of 
Martin, et al; thus, a detailed comparison of results is 
not made. 


INFINITE VERTICAL LOSSES 


A solution of System 1 for an infinite convection 
coefficient, allowing for infinite vertical losses, is given 
by Eq. 22. By infinite vertical losses, it is meant that the 


temperature of the top and bottom of the reservoir 


are maintained at the ambient reservoir temperature. 
Such a case would require that the thermal conductivity 
of the media above and below the reservoir be infinite. 
These conditions are so artificial that there is little pos- 
sibility of application of these results to field conditions. 
However, these results are useful in estimating the max- 
imum effect of vertical losses on frontal temperatures. 


Fig. 5 gives example vertical temperature profiles. 
These profiles illustrate both the increase in temperature 
with time and the greatest vertical gradient that could 
be realized for a reservoir 10-ft thick. Computations 
were also performed for 1,000 hours, and these differed 
little from those for 100 hours. 


FINITE SOURCE WIDTH 


One physically unreal assumption contained in all 
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previously published work on heat transfer in under- 
ground combustion is that of zero combustion-zone 
width. Physically, this requires that the rate of burning 
per unit volume be infinite. Radial or linear temperature 
profiles for such cases then have a discontinuity in the 
slope at the front. A solution of System 1 has been 
obtained for the linear case, infinite convection coef- 
ficient, for a combustion zone of width J] (Eq. 21). In 
this instance, combustion is assumed to occur uniformly 
over this zone. Again, this is not exactly correct but 
should be an improvement over previous work. 


An example problem is illustrated in Fig. 6 for steady- 
state showing cases of two combustion-zone sizes. The 
zero combustion-zone width example shows a break in 
slope at the front-position. In the other case, the temper- 
ature profile has a continuous slope everywhere, which 
is more acceptable. Note that there is no difference in 
the peak temperatures attained at steady-state conditions 
between the two cases. This suggests that the assumption 
of a zero combustion-zone width has no effect upon 
estimates of fuel content and air flux necessary to sus- 
tain combustion. 


ha FINITE 


In the afore-mentioned results based on the conduc- 
tion-convection model of heat flow, it has been assumed 
that the convection coefficient ha is infinite. Thus, it 
has been assumed that equilibrium between gas and solid 
temperature is reached instantaneously. The validity of 
this assumption can be evaluated, at least at steady state, 
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by solving the partial differential System 1 with ha 
finite, and this solution is given by Eqs. 23 and 24. 


Experimental determinations of ha have been made 
by a number of investigators.” Most of these deter- 
minations are for flow rates higher than generally used 
in underground combustion. Grootenhuis, Mackworth 
and Saunders” present heat transfer data for heating air 
with a porous metal medium. At low flow rates, their 
data suggest the following correlation: ha = Pv,p, where 
P is a constant depending on the porous medium and 
the gas used. A typical value of P is 36, in units con- 
sistent with those used in the present paper. Using this 
formula gives R = v,c,/36a; thus, for tube-run ap- 
plications R will be less than .1, and for field applica- 
tions R will be less than .01. It is seen from Eqs. 23 
and 24 that, for values of R in this range (R < .1), 
the temperatures are quite close to temperatures for 
- R =0. The case R = 0 corresponds to ha = ow. Thus, 
at least at steady state, the assumption of infinite con- 
vection coefficient is realistic. 


RADIAL CONSTANT INJECTION RATE 


In this section, the source is assumed to be at the 
surface of a cylinder or radius r =r,. Air is injected 
at a constant rate, causing the frontal radius r, to in- 
crease according to the relation r;, = 2Ut. The con- 
vection coefficient ha is assumed to be infinite and ver- 
tical losses are neglected. An explicit formula for the 
temperature as a function of ¢ and r is given by Eq. 
25. The temperature depends on the inlet temperature 
of the air 7;; a dimensionless injection rate A = 2B = 
U/a and the relative gas velocity y = C,pyV,/PpmCmnVs- 
It is interesting to note that this is the same gas velocity 
parameter as in the linear constant velocity case. Sample 
results are presented graphically in Fig. 7. Similar results 
for other conditions may be determined from Eq. 25. 
A temperature fraction 7’ is plotted against the dimen- 
sionless injection rate A for different values of r/r; and 
relative gas velocity y. The relative temperature frac- 
tion 7 (Eq. 5) can be obtained from 7’ by Eq 25. For 
v/v; > 1, 7 is within a few per cent of 7’, and the 
difference is less than 1 per cent for normal field in- 
jection rates. The temperatures are somewhat larger 
than the corresponding temperatures for the conduc- 
tion-only case. The frontal temperatures increase with 
increasing injection rate A. The maximum frontal tem- 
peratures can be calculated from Eq. 4 which was based 
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on a gross heat balance equation rather than the dif- 
ferential equation. Solutions are also obtained for the 
steady-state constant velocity case with ha finite (Eqs. 
23 and 24). Applications of results are illustrated in 
Figs. 8 and 9. 


Fig. 8 shows some typical temperature profiles and a 
comparision with the conduction-cnly case. Fig. 9 
shows typical injection-rate requirements to maintain a 
500°F temperature rise, The vertical asymptote for these 
curves corresponds to the minimum fuel content for 
which a 500°F temperature can be sustained, no matter 
how large the injection rate. A formula for this vertical 
asymptote is given by 


where AT is the temperature rise, C = 0 for conduction 
only and 


W minimum = 


107 (28 + 4) Weg AT 
AHJY 


for conduction-convection. 


The three curves shown in Fig. 8 are for three values 
of the oxygen fraction J. It is seen that some improve- 
ment in minimum fuel content can be obtained by 
decreasing the oxygen fraction in the injected gas. 


CONCLUSIONS 


1. Mathematical equations describing a conduction- 
convection model of heat transfer in underground com- 
bustion can be written and solved explicitly for a num- 
ber of cases of interest. 


2. Convection effects tend to increase the temperature 
throughout the formation above that predicted by as- 
suming conduction only. Under typical conditions, this 
increase is about 25 per cent. 


3. Temperature profiles assuming a finite convection 
coefficient and a finite source width are not greatly 
different from those obtained by making the simpler 
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assumptions of infinite convection coefficient and in- 
finitesimal source width. 


4. Graphs of air injection required to sustain a given 
frontal temperature vs fuel concentration exhibit a 
vertical asymptote at about 34 lb of fuel/cu ft of forma- 
tion for typical field conditions. This indicates that a 
temperature of 500°F cannot be maintained, no matter 
how large the injection rate for reservoirs with fuel 
concentrations lower than this. 


NOMENCLATURE 


= dimensionless injection rate 
area, sq ft 
one-half the dimensionless injection rate 
heat capacity, Btu/lb/°F 
subscript denoting front 
a source function, 1/ft 
subscript denoting gas phase 
= height of reservoir, ft 
solid-gas convection coefficient, Btu/hr cu 
it, °F 
AH = heat content of the fuel Btu/Ib 

i, = injection rate, scf/hr 

J = moles oxygen per mole injected gas 

k = thermal conductivity, Btu/hr/°F ft 

1 = length of the combustion zone, ft 

m = subscript, rock matrix 

M = molecular weight 

M = subscript, maximum 

q = line-source heater output, kw/ft 

O = heat flux, Btu/hr-sq ft, and a quantity of 

heat, Btu 

r = radius, ft 

s = distance ahead of front, ft 

s = subscript denoting solid phase 
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S;,S;, = temperature slope at inlet end, °F/ft 
t = time 
= temperature, °F 
ambient temperature, °F 
T,,T, = temperature at the inlet end, °F 
T, = temperature of the injected gas in the radial 
case, °F 
T’, = maximum temperature rise neglecting con- 
vection effects 
= injection rate constant, sq ft/hr 
= flux or velocity, ft/hr 
= fuel concentration, lb/cu ft 
= horizontal distance, ft 
= oxygen fraction used 
vertical distance, ft 
= thermal diffusivity, sq ft/hr 
= relative gas velocity 
= porosity 
= gas flux at standard conditions, scf/hr-sq ft 
= bulk density, Ib/cu ft 
= fractional temperature rise 
T(x) = gamma function 


AR 


lI 


I'(x,y) = incomplete gamma function 


erf(x) = error function 


erfc(x) = complementary error function 


10. 


“Ramey, H. J., Jr.: 


V* = Laplacian operator 
div = divergence operator 
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APPENDIX A 


A GENERAL EQUATION FOR HEAT FLOW IN 
A POROUS MEDIUM INCLUDING 
CONDUCTION AND CONVECTION 


LINEAR CASE 


Consider a linear section of a porous medium with 
insulated lateral boundaries as shown in Fig. 1. 


Denote a small element of width Ax XK AV = 
AAx. It is assumed that a gas is passing through this 
medium at a constant mass flux v,p, and that there is 
“a moving heat source at a position called the front, 
x =x,(t). It is assumed that heat is transferred by 
conduction in the porous media by mass flow of the 
gas and by convection between gas and solid. These 
mechanisms are characterized by the corresponding 
heat transfer coefficients, k the effective conductivity 
of the porous media, and ha the convection coefficient. 
The heat transferred by conduction in the gas is neg- 
lected. This assumption seems reasonable since the con- 
ductivity of typical gases are 1 to 2 per cent of the 
conductivity of the porous media. 


The following Q; are defined where Q; are quantities 
of heat transferred in time, At. 


Q, = to solid in AV by conduction. 
Q, = from fluid to solid in AV by convection. 


Q; = to change the temperature of the solid ele- 
ment AV. 


Q, = to change the temperature of the fluid in the 
element AV. 


Q; = to change the temperature of the fluid pass- 
ing through AV. 
Q; = heat supplied by the source. 


In terms of the notation of this report, these quan- 
tities are given by the following formulas. 

Q, = -kA (2 Jar. 


ha (Tg -Ts) AAxAt 


Q,= 


Ty|1) Ax. 
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Q, = WAHy, 8(x - AAxAt . 


Finally, writing a heat balance for the solid and for 
the gas, the following equations are obtained. 


Solid equation: 
Gas equation: 
Os 
Replacing Q,, Q., Q, and Q, by these corresponding 


formulas and dividing by Ap,c,AxAt and passing to the 
limit as Ax > 0 and At > 0 gives 


ha 


and the corresponding gas equation becomes 


07g ha 


Defining the effective diffusivity a by the equation 
= k/(1 — ¢) p.c., then the solid and gas equations 
become 


haa 
_ ha | 
at Vg ax g) ( 


where WAHa/k has been replaced by its equivalent, Ty. 


For the case of a very high convection coefficient, ha 
can be approximated by letting ha — o. In this case, 
T, —T, and denote by T this common temperature. 
Then Eqs. 6 and 7 are reduced to the single equation: 


aT oT aT 


where 


DinCm = (1-9) Ds Cy + 0g 
Am = k/OmCm 
and B = Pm 
It should be noted that p, is usually negligible com- 
pared with p, and thus a, and Ty, are practically the 


same as a and Ty, respectively; thus, the m subscripts 
are not always carried. 
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RapiaAL CASE 


The system of partial differential equations, Eqs. 6 
and 7, obtained in the previous section for the linear 
one-dimensional case can be derived in a similar man- 
ner for a general system of orthogonal co-ordinates, 
and the resulting equations are given in a previous 
section as Eqs. la and 1b. In particular, for a radial 
system with circular symmetry and no vertical losses, 
the Laplacian operator V* becomes 0°/dr? 1/rd/dr. 
A relation for div (v,p,T,) could be obtained by includ- 
ing the continuity equation, Darcy’s law and equations 
of state; however, by neglecting the term ¢$dp,/dt, the 
continuity equation becomes 


This assumpion is implied in writing the equation for 


Q; in the previous section. The divergence for radial 
geometry is given by 
. 
div (0g Vg) (rg Vg) 


combining this equation with Eq. 9 and integrating 
shows that rp,v, is independent of r. Thus, we define 
N(t) by the equation 


and 


MM 


Combining this result with Eqs. la and 1b gives 


(vy 975) = 


Vp O(r-re) = ha 
ar = ha (7, 


where the source function is assumed to be concentrated 
dia r;(t) 


For the convection coefficient ha infinite, Eqs. lla 
and 11b reduce to 


2 


where 


n(t) = CgN(t)72k 


Evaluations of N(t) are obtained in the following 
section for the constant velocity case and for the con- 
stant injection rate. 


FLuUID-FLOW CONSIDERATIONS 


By considering the stoichiometry of the underground 
combustion process, the following equation can be 
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derived" for the frontal velocity. v, in terms of gas 
flux at the front ®, at standard conditions, 


W 


where J is the moles of oxygen per mole of injected 
gas (0.21 for air) and Y is the fraction of this oxygen 
that is consumed. In this expression for v,, it is assumed 
that all the oxygen that is consumed goes to CO, and 
the fuel is CH,. 


The gas flux v, is related to the gas flux at standard 
conditions ® by the following equation: 


= 
g 379 0g 
where M is the molecular weight of the gas (for air, 
M = 29). 

Eliminating ® from this expression for v, and v, gives 
Wor 10° 0.107 MW 


For air which is all consumed, we have M = 29, 
J = 0.21, Y = 1; and, in this case Eq. 13 reduces to 


Pg 


These expressions for v,p, are valid only at the front. 
By neglecting the term $0p/ot in the continuity equa- 
tion, one may conclude in the linear case that v,p, is 
independent of x and in the radial case that rv,p, = 
N(t) is independent of r (Eq. 10). 


“In the radial constant injection-rate case, r,;, = 2Ut, 
v, = U/r, and, thus, 


0.107 MWU 
N(fi-z 


where the last equality is the definition of C;. 


= (15) 


In the radial constant velocity case, r; = v,t with 
v, constant and, thus, 


Ty 


where the last equality is a definition of C:. 


For air which is all consumed and for a fuel content 
W of 1.5 lb coke/cu ft formation, the constants are 


22:2 

and 
22 
APPENDIX B 


SOLUTIONS IN THE LINEAR CONSTANT 
VELOCITY CASE 


A number of particular cases of Eqs. 6, 7 and 8 are 
considered in this appendix for the constant velocity 
case, i.e., x, = v,t with v, constant. First, the equation 
and boundary conditions are given, then a remark con- 
cerning the method of solution and, finally, the solution 
of temperature as a function of x and ¢ is given. In 
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|| 


all cases, it is assumed that T = T, for all x at 1 = 0 
and that T > T; asx > 


T CONSTANT AT x = 0 
Equation: 


ar 


0 


Boundary Conditions: 


Method of Solution: Laplace transformation with 
respect to time. 


Solution: 


+ erfe 
Vat 


ert 


Vr 


where the last term is replaced by zero for x > vyt. 


ATX 
Ox 


Equation: 


2 
O(x-x,) = OF 


Boundary Conditions: 


oT 

ax =S, at x = 0,7—-©T. as x +o 
Method of Solution: Laplace transformation with 

respect to time. The required inverse transform was 

not found in the tables but was obtained as a limiting 

form of pair 827.1, Ref. 15. 
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Solution: 


eli 2 a 


BVt\ 


Ve 


(vz - B) 

Neale 


where the last term is replaced by zero for x 5 vyt. 


CONSTANT TEMPERATURE HEATER 
TURNED OFF AFTER ¢, Hours 


Equation: 


Or 
axe OF 


Boundary Conditions: 


Method of Solution: Laplace transformation with re- 
spect to time. 


Solution: 


Vat eva 


fc x xB/a 
er |e erfc 


2Va(t-t) 


2Valt-t,) 
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where the second bracket is replaced by zero for 1 < 1,. 


CONSTANT FLUX HEATER 
TURNED OFF AFTER t, Hours 


Equation: 


Boundary Conditions: 


Ox 


as’ 


Method cf Solution: Laplace transform with respect 
to time. The required inverse transform was not found 


in the tables but was obtained as a limiting form of~ 


pair 827.1, Ref. 15. 
Solution: 


erte( 


2 

2a 


B x Ba 
= +e erfc 


x 


2 
Va Vn 


+ 
2Valt-t,) 


2 
x BNt-ts 20) 


where the last term is replaced by zero with t < 1,. 


FINITE SOURCE WIDTH 
Equation: 


Iv V¢ G(x,t,/) =O 


where 


O xX 


(@) 


O 


Boundary Conditions: 


Method of Solution: Laplace transformation with re- 
spect to time. 
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Solution: 


BAF 


elt -x/v,) 


Ve, 


O< /7V¢ 


and 


Ve (B- Vf) 
i a 


and 


I,(B/2N4d, f) 


ebx/ea 


al by 


1,(B/2N@, t) + 


B/2- 


ehx/2a 


al 


I,(B/2Na, t - 17 


-b,t 
x 
+ be 
-b,t 
e} 
e 
Va 
+ 
VF 
xf 


329 


where 
BT x 
+ 
|| 
| | 
og 
| 
|| 


where 
1 ax 
t) |e erfc (ovr 
ax/Na x 
f — ant 
ax/NVa x, 
I, (a,t) e fe a 


INFINITE VERTICAL LOSSES 


Equation: 
or 


6(x-v,t) = 


Boundary Conditions: T = T, at x = 0, T > T, as 
= Oat z = z,, 0T/0z = 0 at z = 0. 
The last condition results from considering the upper 
(z > 0) half of the corresponding symmetrical prob- 


Method of Solution: Laplace transformation with re- 
spect to time, finite Fourier transformation in z. 


Solution: 
n=1 
where 
= (2n-1)/2, y =(1-z/z,) 1, 
and 


erfe( 


HY + 


Ve alt -x/v,) b(t -x/V,) 
pa | = | t 
) e e > Vp 
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ve 


Bt|_ xVB/Va x 
e le + Bt 
-x VB/Va 
e erte( 
Ct xNC/NVa + 
e erfc 
-xNC/ Na ( x 
e erfc 
where 
= = Vg?) M By - + 
2d 
2d 
+ 
2 2 
STEADY STATE, ha FINITE 
Equation: 
ha 
07g 
con, 


Boundary Conditions: 


Additional Assumptions: A quasi-stationary steady- 
state temperature profile is attained for sufficiently large 
values of time; that is, an observer at the scurce would 
see a steady-state condition. This is assumed by Jacob” 
for the conduction problem in the linear case and can 
be shown’ to be true in both the linear and radial cases 
for conduction only. dT,/éx is assumed to be continuous 
at x = v,t. This results from the assumption that the 
source is represented by a discontinuity in the deriva- 
tive of the solid temperature rather than gas tempera- 
ture. 


Method of Solution: In the transformed co-ordinate 
system s = x — v,t, a steady-state for s finite is at- 
tained. Solving the resulting ordinary differential equa- 
tions gives the following. 
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Solution: be evaluated explicitly by a method given in Ref. 6 


r ich f for the case n = 0. 
R-S “S Solution: 
1+AR- W M 
T(7,8)} r 
where 


s/2E|- exp (24) 


where 
45, 
_ 
k ? 
Vg 


_ Thus, the steady-state temperature for finite con- 
vection and coefficients are expressed in terms of the 
dimensionless quantities, R, S and s/E. 


APPENDIX C 
~ SOLUTIONS IN THE RADIAL CASE 


CONSTANT INJECTION RATE, r;/ = 2UT 


Equation: 
2 
or 
Or? or 


=O: 


as shown in Appendix A. 


where n = ac 
Boundary Conditions: 
Method of Solution: By a suitable change of var- 
iables, this equation is transformed into an equation 


which can be solved by the Hankel transformation. The 
resulting solution is in terms of an integral which can 
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and 
2d. T(x, y) 


is the incomplete gamma function defined by the 
integral 


@ 
[ 


This function has been tabulated; for example, see inet. 


CONSTANT VELOCITY, r; = Vyf, 
STEADY STATE, ha FINITE 


Equation: 


07, 07, 


or Or 
ha 
= 
Cg N(t) 07g 2 
= ha (7, 


where, 


N (t) = Pg = Cot 


as shown in Appendix A, 
Method of Solution: Same as for the COS pons 
linear case in the previous appendix. 


Solution: Same as for the corresponding linear case 
in Appendix B, Eqs. 23 and 24. Kak 
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Further Discussion of Paper Published in 
Transactions Volume 219 


Efforts to Develop Improved Oilwell Drilling Methods 


L. W. LEDGERWOOD, JR. 


JERSEY PRODUCTION RESEARCH CO. 
TULSA, OKLA. 


(Published as T. P. 8108, Page 61) 


DISCUSSION 


J. RAYNAL 


INTRODUCTION 


L. W. Ledgerwood’s paper is a valuable summation 
of the efforts made in the world to improve drilling 
methods. 

In the discussion which follows, we would like to 
put forward a few details on the new processes studied 
chiefly in the USSR, and on the use of the turbodrill 
in France. 

We had, in fact, the opportunity of making two 
study tours in the USSR in March, 1958 (for three 
weeks) and at the end of 1959 (for two months), 
which enabled us to obtain some information on the 
efforts expended by Russian industry to develop new 
methods. 


In making the following remarks we shall duplicate 
the organizational plan used by Ledgerwood. 


PERCUSSORS AND VIBRATORS 


The Moscow Drilling Institute for some years now 
has been carrying out research on a vibrator. The prin- 
ciple of the tool is illustrated in Fig. 1. 


This tool is composed of a body and a shaft which 
rotate together, but the shaft can be displaced a few 
millimeters longitudinally with respect to the body. 
These movements are obtained by creating pressure 
surges on the top of the shaft. 


The number of vibrations per second is 50, and their 
magnitude is about 5/64-in. It is regulated by the spring 
characteristics. The extra load at each vibration is 1.420 
psi, or 16% tons for a 53%4-in. bit. 

We have seen this tool operating in a laboratory on a 
granite block, using a 5%4-in. bit, a weight of 4 tons 
and a speed of 70 rpm. Penetration rate was 13 ft/hr. 
The number of feet drilled by this tool in the labora- 
tory would be twice that for rotary drilling. 


According to the specialists, this method could per- 
haps compete with the rotary method in hard and abra- 
sive rocks. However, it should be noted that this tool 
is still in the laboratory stage and that no conclusive 
results can yet be drawn as to its practical field appli- 
cation. 
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SOCIETE NATIONALE DES PETROLES D'AQUITAINE 
PAU, FRANCE 


This information dates from March, 1958. At the end 
of 1959, we obtained no further information except 
that research was being continued. 


SHOCK-WAVE DRILLING 


The Moscow Drilling Institute laboratory has been 
given the task of studying rock destruction by high- 
tension electrical discharges. We saw this tool in oper- 
ation, the basic concept of which was that illustrated 
in Fig. 4 of Ledgerwood’s paper. But the electrical dis- 


VIBRODRILL 


Force developed each 
time the hydraulic 

circulation is shut off. 
Keying which rotates 
the shaft and allows 
longitudinal vibrations 


SECTION AB 
: Part rotating freely around 
é XX' on a ball bearing by 
ZZ. the mud stream 
= Passage of the mud 
g 
6 
Compensating spring 
THIS SKETCH IS NOT INTENDED 
N i TO REPRODUC 
N Rock Bit ONLY TO 
x! ING PRINCIPLE. 


Fic. 1—Artist’s Conception oF VIBRODRILL. 
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charge was produced across a heap of rocks piled in 
pieces of about 1% to 2 in. in cross-section; the metallic 
screen supporting the rocks was used as a cathode. 
The whole was immersed in water. The operating prin- 
ciples given to us were the following. 

1. Condenser capacity equaled 3 microfarads. 

2. Maximum yoltage of the condenser was 50 kv. 

3. Weight of the condenser (there was only one) was 
1 ton. 

4. Power of each discharge totaled 100,000 kw (with 
an optimum setting of the air gap). 

5. Discharge frequency was about 10/min. 


6. After 50 discharges, 4 lb of rock was destroyed 
out of 40 Ib placed in the container. 


7. According to the builders, the efficiency of this: 


tool was found to be between 2.10° lb-ft/cu ft and 


8.10° Ib-ft/cu ft of rock destroyed, against 40.10° lb-ft/ 


cu ft in the case of turbodrilling. 


The main difficulty in adapting it for field operations 
is constructing condensers of high capacity but of small 
diameter. However, we were told that a 65¢-in. diam- 
eter condenser had been made and used for loosening 
a stuck casing by vibration. 


It should be noted that there are some important 
differences between the tool described by Ledgerwood 
and the one we saw at the Moscow laboratory, in par- 
~ ticular as regards outer form, power used for each 
discharge (10° kw instead of 0.5 10° kw), frequency of 
discharge (10/min instead of 330) and the volume des- 
troyed at each discharge (400 gm of rock, or about 180 
cc, instead of 0.7 cc). 

These differences may arise from the fact that the 
tool we saw was only a laboratory test tool in which 
the arc flashed across a pile of bits of rock. The idea 
was only to reduce the dimensions of these bits of rock. 


EXPLOSIVE DRILLING ae 


We obtained the following information in the course 
of the two visits to the Moscow laboratory. 


In this method, the effect of the destruction of the 
rocks is obtained by small finned bombs which are 
pumped down in the mud at the rate of 7 to 12/min. 
The bombs illustrated in Fig. 2, which contain about 
40 gm of explosive in the form of two liquids separated 
from each other by a diaphragm, reach the bottom of 
the hole through a conical “choke”, the lower end of 
which must be kept about 1 ft from the bottom. This 
conical choke is the only special tool which is mounted 
on the drill string. The setting-off of the bombs occurs 
in the two following steps. 


1. In the conical choke, the minimum diameter is 


fo) 
a (explosive mixture) 
@ 
Diaphragm = Percussion pin oO 


Fic. 2—Smatt Finnep UseED IN 
ExpLosive DRILLING. 
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smaller than the diameter of Diaphragm AB. Thus, the 
latter is destroyed and the two liquids mingle. 


2. On leaving the choke, the fins of the bomb move 
apart (C and D), thus freeing the striker. The shock on 
hitting the bottom of the hole causes the striker to set 
off the detonator. 


The bombs are made entirely of plastics. The destruc- 
tion of the rocks results from two succeeding effects— 
the direct effect of the explosion on the bottom (fine 
cuttings) and the effect of the shock wave on the walls 
which yields cuttings on an average of 1-in. long in 
hard formations. These cuttings are evacuated by the 
mud at high circulation rates, For the method to be 
efficient, the bottom of the well must be very clean; 
and, to accomplish this, mud flow rates must be main- 
tained between 900 to 1,300 gal/min. The diameter of 
the hole obtained, which would be about 3 in. in air, 
attains 12 to 14 in. in water due to the effect of the 
shock wave. This diameter can be regulated by the 
amount of explosive used in the bomb and by the pene- 
tration rate (of course, it is less when penetration rate 
increases). 

The choke, which must be kept about 1-ft from the 
bottom, must be changed every 300 ft on an average. 
The positioning of the choke and keeping it at this 
distance from the bottom as the hole gets progressively 
deeper is most difficult to obtain. 

The bombs are prepared at the field in a laboratory 
truck connected to the mud flow lines between the 
pumps and the stand pipe. These bombs are introduced 
into the discharge pipe by a type of slide valve. 


A Few RESULTS 

Two wells were drilled to 9,500 ft by this method. 
At about 6,500 ft in hard formations, penetration rates 
were about .2 in. per explosion (i.e., 10 ft/hr). 

The choke gradually was worn out by the explosion, 
Nevertheless, 600 ft were drilled in some cases, before 
it became necessary to change chokes. 


ADVANTAGES AND DISADVANTAGES 


The advantage afforded by the method is that the 
power required does not depend on depth (except for 


_ the circulation mud which carries along the bombs); 


this is the reason the method had been considered as 
a possible substitute for turbodrilling at great depths. 

On the other hand, the disadvantages are numerous. 

1. The explosion has little effect in plastic forma- 
tions. 

2. The distance between the choke and the bottom 
of the hole is very difficult to control; yet this is a 
most essential factor in penetration rate. 

3. The diameter of the well is very irregular and 
varies from one formation to another, even though the 
bomb injection rate be the same. 

4. The high cost of the bombs makes this method 
a non-paying proposition in most cases. 


DEVELOPMENT OF THIS METHOD 

Since March, 1958, it seems that little progress has 
been made in perfecting this system. On the other hand, 
the appearance of the diamond drilling technique has 
given rise to great hope in the USSR for a quick and 
efficient solution to problems resulting from deep drill- 
ing, which the turbodrill has come up against due to the 
small footage of the bits at greater depth. It was in this 
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perspective that explosive drilling had been developed 
and studied for 14 years. At the present time, it would 
seem that the Moscow Drilling Institute is about to 
stop any further experiments in this field of work. 


TURBODRILLING 


At the present time, this technique is still employed 
in France, but to a lesser extent than in 1957 and 1958. 


Applications of the turbodrill vary greatly; the fol- 
lowing are its principal uses: (1) drilling hard-surface 
formations; (2) sometimes drilling comparatively deep 
holes (10,000 to 12,000 ft), with diamond bits; and (3) 
drilling with water when there is lost circulation. 

In the last case, we must understand the sentence, 
‘European contractors have not had drill pipe of suf- 
ficient quality to permit them to use best rotary prac- 
tices without having excessive pipe failures”. 


In the 1957-to-1959 period, when drilling certain 
development wells at LACQ field, it was necessary to 
drill with water through 7,000 to 8,000 ft of cavernous 
limestone where there was lost circulation. In rotary 
drilling, even with drill pipe of the best quality, failures 
are unavoidable and may cause costly and aleatory 
fishing operations. It is in this particular case that the 
turbodrill has been employed to penetrate the danger- 
ous zone as quickly as possible. It is a fact that pipe 
failures have been practically eliminated, and drilling 
there has been made much safer. 


But turbodrilling is scarcely ever employed as a gen- 
eral drilling method whenever the rotary can carry high 
weights, rpm and circulation rate at the bit. 


However, after several years’ experience and from the 
contacts we have had with Russian technicians, we 
think that it is possible to apply to turbodrilling the 
concept which Ledgerwood uses in connection with the 
retractable bit, “Principle reasons for lack of applica- 
tion is .. . the fact that . . . equipment must be com- 
pletely re-designed to gain the full economic benefit 
from this new drilling system”. 

In fact, it is often said that turbodrilling is perhaps 
justified in the USSR where the problem is to drill 
quickly regardless of cost; whereas in the West, it is a 
question of arriving at the minimum cost price per 
foot. 


Often it is forgotten that unit cost prices for turbo- 
drilling in the USSR probably are lower than those 
in the West, for several reasons. The USSR manufac- 
tures some 4,000 turbodrills a year; because of this 
mass production, their unit cost prices are very low 
compared to ours. We were told that an 8-in. OD 
turbodrill costs 13,000 rubles,* including the profit 
granted to the plant. Such prices would not make turbo- 
drilling economical in every case because, in certain 
cases, the technical results are not so good as can be 
obtained with the rotary. However, these prices would 
certainly increase the number of cases in which the 
new method would be economical. 


Furthermore, because of its extensive use in that 
country, full advantage is made of preparing the ma- 
terial and the personnel, including the following prac- 
tices: (1) good hydraulic conditions of operation; (2) 
almost general elimination of drill collars (few invest- 
ments and less handling time); and (3) grouped direc- 


*The tourist rate of exchange in Russia is close to 10 rubles to 
the American dollar. This rate seems to be better for evaluating 
the actual standard of Russian life. 
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tional drilling from marine platforms (up to 21 wells 
drilled from the same platform in the Caspian Sea). 


We will say that turbodrilling in the USSR for depths 
of 7,000 to 8,00 ft seemed to be very rationally or- 
ganized, and it is possible that in such conditions it 
would be competitive with the rotary method. 


Beyond (10,000 to 16,000 ft), the results are worse 
and turbodrilling is certainly no longer competitive 
because of poor mud practices and the small footage 
of the bits. The solutions probably will be provided by 
the West, which has a far better mud technology and 
diamond bits. 


ELECTRODRILLING 


The two electrodrilling methods, with and without 
drill pipe, are very unequally developed in the USSR. 

Electrodrilling using pipe is a semi-industrial method. 
Several rigs use it, and they give technical performances 
similar to those for turbodrilling, although probably not 
so good from the economic standpoint. 

This method is greatly debated in Russia. Some con- 
sider it to be too costly and the equipment required 
too complicated. Others, on the contrary, see in it the 
means of the future, because of the power control 
that electricity gives to the bit on the bottom. 

The industry’s leaders favor this method, and in the 
course of the seven-year plan it is estimated that 6.5 
million ft will be drilled by electrodrilling. 

Pipeless electrodrilling has not gone beyond the ex- 
perimental stage and, at the present time, seems about 
to be abandoned. 


HYDRODRILLING 


Hydrodrilling is an ingenious improvement on cable- 
tool drilling. The apparatus is extremely simple (Fig. 3) 
and includes, principally, a percussion bit screwed onto 
the lower part of a “junk basket’, inside which is a 
vertical tube coming out in the center of the bit and 
bent back in the upper part. Above the basket is a 
pump which gives circulation between the bit and the 
top of the apparatus, returning by the annulus. This 
velocity of 3 to 4% ft/sec is controlled by two non- 
return valves which allow the fluid to circulate in an 
upward direction only inside the apparatus, the return 
being by the annular space. Fig. 3 (A, B and C) ex- 
plains the operation of the apparatus. 


The advantages of this method over the classical 
cable drilling are as follows. 


1. The bit always works on a clean bottom, freed 
of the “mattress” of cuttings made by the previous im- 
pact. 


2. Trips are less frequent—two or three runs to 
bail out after 10 to 12 trips—to empty the baskets. 


3. The cuttings which settle in the basket, adding to 
the weight on the apparatus, give greater impact force 
(increase of about 30 per cent towards the end of jar- 
ring operations before bailing). 

The footage drilled per run is, when using a basket 
33-ft long, approximately 20 ft which would be four 
to five times greater than usual cable-tool penetration 
rates. 


Russian engineers think that monthly footage of 
cable-tcol rigs, thanks to this method, would be twice 
as great. 
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This method seems also to have been abandoned 
since the end of 1959, one of. the principal reasons 
being that the mechanism for allowing the bit to enter 
the casing was too complex and was subject to too 
many shortcomings. 


AUTOMATION OF OPERATIONS 


Russian industry appears to be exerting great efforts 
toward operational automation. In addition to different 
apparatus requiring partial handling (swivel crane at the 
derrick entrance, air-operated pipe tongs and power 
slips), two types of apparatus exist for racking and un- 
racking drill pipe in the derrick. 


1. Type MSP 2 is manufactured at Groznii; by the 
end of 1959, 150 were in existence, It is installed on 
some rigs of capacities greater than 75 tons. The system 
is semi-automatic and includes fundamentally (Fig. 4) 
a storage space on the derrick floor with selective guide 
plates, a gripping arm which takes hold of the pipe 
at a height of 30 ft and an articulated arm placed just 
below the monkeyboard. 


2. Type ASP 1 is a completely automatic racking 
apparatus with hollow travelling block and an auto- 
matic releasing device placed at the same height as the 
. monkeyboard (Fig. 5). 

Four rigs are equipped with this system, which still 
meets some difficulties. The time required for running 
one joint is 50 seconds and for pulling, 55 seconds. A 
crew of only three men is required for the operation. 
Mass production will perhaps start in 1961. Eight rigs 
are_to-be equipped with the latest model, ASP 3. 


FUNDAMENTAL RESEARCH 


We should also add that the Moscow Drilling Insti- 
tute and government scientific bodies are making great 
efforts in studying the fundamental processes of rock 
desintegration. This research, so vigorously pursued, 
has allowed them to reach a certain number of results; 
however, by admission of those who are carrying out 
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results can be applied generally in the fields. 


However, everywhere it is strongly emphasized that 
such research is most necessary and should be con- 
tinued. 


CONCLUSIONS 


At the end of his very complete review of drilling 
methods, Ledgerwood writes, “It appears that industry’s 
problem is not a development problem, but a research 
problem”. To the extent that research will lead to new 
drilling methods, the following question is immediately 
asked, How can the substitution of the rotary method 
by a new one be imagined? After our two trips to Rus- 
sia and our own experience in turbodrilling, we think 
the reply might be the following. 


The principle, which consists of accepting the value 
of a new method only if during the first tests it proves 
to be cheaper per foot, is dangerous and leads almost 
inevitably to the development of the classical method— 
but not to a complete changeover. If another drilling 
system is one day to replace the rotary method, it prob- 
ably will be due to its ability to drill deeper at less 
cost. But it is very doubtful if this method could com- 
pete with the rotary for deep drilling without, first of 
all, having its performance improved at normal depths. 


In all probability this would mean long and costly 
tests. The drilling industry is a heavy industry, in which 
the adaptation of material and methods to new tools can 
only be done slowly. In the drilling industry, moreover, 
field conditions are very difficult to reproduce in a lab- 
oratory; therefore, the final improvements of new tools 
will have to be carried out to a great extent in the field. 
It is probable taut any new method, to have had its 
chance, will have to be used continuously for several 
years at the price of financial sacrifices. 


The immediate objection to this attitude is that 
thousands of dollars cannot be devoted annually to all 
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the more-or-less odd ideas which suddenly appear any- 


where in the world; and this perhaps is the tendency in 
the USSR, as opposed to the economic-potential yard- 
stick used by the Free World. 

This objection evidently is sound and for us the 
solution is intermediate. When a tool has just been 
developed for field testing (the technical results of 
which are about the same as those for the classical 
method), when supplementary expenses are not pro- 
hibitive (especially if they later can be reduced sub- 
stantially by mass production of the new tool) and 
when this method brings some advantage that is judged 
necessary to progress (such as extra bottom-hole pow- 
er, better control of bit operation, better bit perform- 
ance, etc. . .), then it seems necessary to improve the 
method by constant and practical utilization on a very 
limited number of rigs and for a length of time of at 
least some years. 

Without such precautions, it is to be feared that 
no new processes will ever get further than the limited 
test stage; following this stage they will be abandoned, 
adhering to the principle, “economics first”, 


AUTHOR’S REPLY TO J. RAYNAL 


The author is indebted to J. Raynal for the additional 
information on recent drilling developments in Russia 
which he has made available out of his personal ex- 
perience. 

His comments on my paper furnish new information 
on the Russian vibrodrill, explosive drill and on auto- 
mation in Russian drilling operations. His detailed ac- 
count of the Russian explosive drilling technique is 
particularly informative. From his comments on shock- 
wave drilling, it appears that he saw a different phase 
of this experimental work than that which was ab- 
stracted from Russian technical literature and reported. 
The Russian development of their hydrodrill (cable tool 
with bottom-hole circulation) is available in the litera- 
ture’ but was not reported in T. P. 8108 because the 
paper was already too long. Incidentally, related cable- 
tool drill concepts are discussed in U. S. Patents 1,899,- 
728 and 2,802,640. 

Raynal’s up-to-date comments on the current status 
of the various methods which he discusses are very 
valuable and will be of considerable help to investi- 
gators of drilling methods. 

His appraisal of the future course which drilling 
developments should take shows a keen appreciation 
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of the problems encountered in the development of new 
drilling systems. We agree that all odd ideas cannot be 
financed and tested to see if they have merit. Likewise, 
the author agrees that extended field development of 
any potentially promising system must be done for the 
same reasons given by Raynal, However, since the 
profit-centered structure of Western enterprise cannot 
justifiably support indiscriminate testing of new ideas, 
some means of selecting potentially profitable new de- 
velopments must be used. 


This brings the author back to his concluding con- 
cept that basic research can serve as an economic 
means to uncover any worthwhile approaches to major 
rotary improvement or to the development of any other 
system which might eventually prove superior to rotary. 
Thus, basic research can serve as an aid to selecting 
projects for major development effort. This philosophy 
does not preclude development work unguided by basic 
research if adequate financial backing can be arranged 
for such projects. 
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An improved acid for the treatment of sulfate-con- 
taining limestones and dolomites is described, The acid 
is designed to reduce the reprecipitation of dissolved 
calcium sulfate and the possibility of plugging per- 
meable flow channels. In addition, this improved acid 
_ has a much lower reaction rate than that of regular 
acid; the advantages of a “retarded” acid are obtainable. 
_ Field testing of the acid has shown it suitable for use 
in sulfate-containing formations. Substantial improve- 
ments in productivity generally resulted. 


Acid treatments of limestones, dolomites and other 
formations bearing carbonate deposits are frequently 
unsuccessful when the calcareous formation contains 
sulfate, either as anhydrite (CaSO,) or gypsum 
(CaSO,:2H.0). Preliminary dissolution in acid fol- 
lowed by redeposition of calcium sulfate appears to be 
a major factor contributing to poor well performance 
after acidizing. The precipitate is usually the gypsum 
form of calcium sulfate, but in higher temperature 
formations it may be anhydrite. The freshly precipi- 
tated crystals are nearly always very small and needle- 
like. They may occupy a gross volume many times that 
of the original anhydrite crystals and will obviously 
constitute an impediment to flow through newly en- 
larged flow channels. 

It is believed that the redéposition problem is most 
severe when anhydrite lines the fracture systems and 
large pores which supply the effective permeability of a 
formation. Microscopic inclusions of calcium sulfate 
also present large sulfate surface areas for dissolution 
in acid. In either case, great amounts of calcium sul- 
fate may dissolve before the acid can be spent on forma- 
tion carbonates. For regular spent acid (originally 15 
per cent hydrochloric acid) the precipitate could be 
as much as 270 lb gypsum/1000 gal acid. 


Two techniques have been applied by the industry 
for reducing sulfate plugging during acidizing. The 
method’? commonly employed in the field is the at- 
tempted removal of a quantity of regular treating acid 
before it has reacted completely with the formation. 


Original manuscript received in Society of Petroleum Engineers 
office Feb. 16, 1959. Revised manuscript received Dec. 7, 1959. Paper 
presented at the Fifth Annual Meeting held by the Rocky Mountain 
sections of SPE April 2-3, 1959 at Casper, Wyo. 
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This is practiced because the solubility of calcium sul- 
fate is greater in a solution that is still acidic than in 
one which has been largely spent on the formation 
rock. The chance of precipitative plugging is therefore 
reduced if the withdrawal is successful. However, it is 
often impossible to get the acid out of the formation 
before precipitation occurs. 


A second possible method,” which at first glance 
appears practical, involves addition to the acid of 
sequestering agents which form strong soluble com- 
plexes with calcium ions. These chemicals do increase 
the “solubility” of calcium sulfate in fresh acid, but to 
a lesser extent in spent acid. The sequestering agents 
have, therefore, proved unsatisfactory because the 
amount of sulfate eventually deposited from the spent 
acid maybe greater than that from regular acid. 


Another logical approach to the problem of calcium 
sulfate reprecipitation is the prevention of the initial 
dissolution of calcium sulfate by the common ion effect. 
This may be accomplished by adding a soluble calcium 
salt to the fresh acid. The use of calcium salts in treat- 
ing acids is not entirely new. An earlier suggested use® 
of a soluble calcium salt in hydrochloric acid apparent- 
ly failed to recognize the full extent to which the solu- 
bility of calcium sulfate could be suppressed. The 
present study extends this earlier work and adds certain 
improvements toward the development of a practical 
anti-anhydrite acid. 


LABORATORY DEVELOPMENT 


CALCIUM SULFATE SOLUBILITY 


Table 1 shows the results of a laboratory study per- 
formed to establish the effect of calcium chloride con- 
centration on gypsum solubility. Because of the strong 
tendency of calcium sulfate to form supersaturated 
solutions, accurate solubilities are difficult to determine. 
These solubility data probably are reliable to within + 
15 per cent. 

The solubility of calcium sulfate in 15 weight per 
cent hydrochloric acid increases with increasing tem- 
perature. This trend is also followed in hydrochloric 
acid which contains calcium chloride. This is contrary 
to the solubility behavior of calcium sulfate in water, 
wherein the solubility decreases with increasing tem- 
perature. 


1References given at end of paper. 
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TABLE 1— SOLUBILITY OF GYPSUM IN 15 PER CENT HYDROCHLORIC ACID*, 185°F 


Solubility Weight of Precipitate 
CaCl, in Acid (Ib/1000 gal) precipitate volumet 
ib/1000 gal per cent** Fresh acid Spent acid (Ib/1000 gal) (gal/1000 gal) 
0 (0) 270 0.08 270 13:7; 
1851 24.5 38 0.08 38 1.9 
3703 49 28 0.04 28 1.4 
4974 66.5 307 0.03 30 1.6 


*Acid strength equivalent to 15 wt per cent without CaCl.. 
**Weight per cent, based on weight of 15 per cent HCl. 
TUsing the value 19.7 Ib/gal for the density of gypsum. 


7{Experimental value appears high. Error probably due to difficulty in 


manipulating viscous mixtures of this composition. 


It is apparent from Table 1 that calcium chloride 
quantities greater than 40 per cent do not yield any 
significant improvement in suppression of calcium sul- 
fate dissolution. A working range of 35 to 40 per cent 
by weight based on the hydrochloric acid solution is 
considered satisfactory. Most other calcium salts would 
be equally effective, but would probably be more costly 
than calcium chloride. For subsequent experimental 
work, a calcium chloride concentration of 37 weight 
per cent was selected. 


STABILITY OF ACID-CRUDE OIL EMULSIONS 

Before an anti-anhydrite acid could be field tested, 
it was important to determine whether its high calcium 
chloride content might cause the formation of stable 
emulsions with crude oils. Oil samples from eight rep- 
resentative calcareous formations were selected for 
emulsification with acid containing 37 weight per cent 
calcium chloride. The emulsion tendency of the calcium 
chloride-containing acid appears to be about the same 
as that of the pure acid. 


COMPARATIVE REACTION RATES WITH 
CALCIUM CARBONATE 


In addition to the solubility and emulsion data, infor- 
mation was developed on the rate of reaction of anti- 
anhydrite acids with calcite (crystalline CaCO,;). The 
only significant variable in these measurements was the 
amount of calcium chloride in the acid solutions. Perti- 
nent data are given in Tables 2 and 3. The tables list 
the ratios of the reaction rate of each solution to the 
reaction rate of pure hydrochloric acid containing no 
additive to facilitate comparison. 

Under the conditions of these experiments, the rate 
of acidization of calcium carbonate is controlled partly 
by diffusional processes. A reduction in reaction rate 
should be expected as the viscosity increases with cal- 
cium chloride concentration. In addition, the surface 
active agents may also have a retarding effect on the 
reaction rate (Table 3). With some compositions, the 
retarding effects of the calcium chloride and the sur- 
face active agents are nearly additive, such as with 
Agents A and C. With other agents, however, the rate 
of reaction is retarded much more than would be ex- 
pected by the two retarding influences acting indepen- 
dently. This behavior is well demonstrated by Agent G, 
for which the rate of reaction is only 1/15 the rate 
of fresh uninhibited acid. 


FIELD EVALUATION OF ANTI- 
ANHYDRITE ACID 


An effort was made to obtain detailed analyses of 
well performances as affected by the application of the 
anti-anhydrite acid. However, early applications using 
this approach enjoyed a success which prompted in- 
creased use of the improved acid. Information obtained 
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from these widespread applications has not, in most 
cases, permitted thorough evaluation, 


The concentration range of calcium chloride required 
for substantial reduction of calcium sulfate precipita- 
tion has been previously indicated to be about 35 to 
40 weight per cent. Treatments using as little as 16 to 
20 weight per cent have been fairly common. Some 
treatments have been carried out in which the lower 
concentrations were used to reduce the costs for cal- 
cium chloride and, also, to avoid exceeding the solubil- 
ity of calcium chloride in fresh hydrochloric acid dur- 
ing cold weather. A treating acid which contains 37 
weight per cent calcium chloride is undersaturated at 
temperatures above 32°F. If the temperature of the 
fresh acid drops below 32°F, calcium chloride will be- 
gin to precipitate from the solution. The acid is not 


TABLE 2— RELATIVE RATES OF REACTION OF SEVERAL ACID 
SOLUTIONS WITH CALCITE 


System: 15 wt per cent HCI* at 80°F and atmospheric pressure, 
containing corrosion inhibitors at 1 wt per cent 


CaCl, Initial Solution Relative 
Concentration, Viscosity Reaction 
wt per cent Inhibitor (cp) Rate 
(0) — 0.89 1.0 
12 0.85 
24.5 — 2.23 0.69 
37 — 3.20 0.46 
49 — 4.88 0.42 
0 A 1.40 0.64 
37 3.59 0.33 
0 B 1.16 0.62 
37 3.37 0.12 


*Acid strength equivalent to 15 wt per cent without CaCl,. 


TABLE 3— EFFECT OF CERTAIN SURFACE ACTIVE AGENTS ON 
RELATIVE REACTION RATES 


System: 15 wt per cent HCI,* 80°F, atmospheric pressure 
1 wi per cent surfactant 


Relative Reaction Rate 


37 wt per cent 


Surfactant No added CaCl, CaGly= 
— 1.00 0.46 
A .33 
73 31 
D 69 18 
E 55 
202 15, 
B 
G ey? 07 


*Acid strength equivalent to 15 wt per cent without CaCl.,. 
**3.0 M CaCl,. 
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damaged by this condition. The precipitation is of prac- 
tical significance as it affects the mechanical problems 
of pumping. In spent anti-anhydrite acid, precipitation 
of calcium chloride is not a problem. Although the 
spent acid also becomes saturated with calcium chloride 
at about 32°F, it is generally removed from the well 
at higher temperatures, No correlation concerning the 
effect of calcium chloride concentration over the range 
discussed is yet apparent from field results. 


The necessary additives for the control of corrosion, 
surface tension and emulsification may be employed as 
in regular acid. 


Mixing of the calcium chloride into the acid has 
been handled easily by the service companies using their 
ordinary mechanical equipment. If mixing is carried out 
too rapidly, the heat of solution of calcium chloride 
will cause the loss of hydrogen chloride fumes and the 


corrosion inhibitor may be degraded; otherwise, the 


process is straightforward and without complications. 


_ The anti-anhydrite acid is pumped in the same man- 
ner as a conventional treatment. Injecting perforation 
sealing balls into the anti-anhydrite acid stream has 
been difficult in some cases because the density of the 
sealers allows them to float; this jams some injectors. 
The problem can be solved by re-arrangement of the 
injector equipment. The technique for removal of the 
higher density spent acid has been no different from 
that for regular acid. 

The effect of reaction rate retardation could not be 
evaluated. In one treatment, acid was left in the forma- 
tion for 20 minutes and returned with 1 weight per 
cent, or less, of unspent hydrochloric acid. These an- 
alyses consisted of only two samples and are therefore 
inadequate for describing the course of the reaction. A 
residence time of 20 minutes is more than sufficient for 
complete spending of the acid. 


EVALUATION OF TREATMENTS 


In the selection of a suitable formation for evaluat- 
ing the laboratory development, first consideration was 
given to the chemical and physical nature of the for- 
mation, particularly in regard to the amount and mode 
of occurrence of gypsum or anhydrite. Appropriate 


conditions were found in the Rocky Mountain area, — 


where the acid has been used in two formations—the 
Nesson and Midale zones of the Madison formation 
located in the Burke County portion of the Williston 
basin in North Dakota,* and the Phosphoria (Embar) 
dolomite located in the Big Horn basin in Wyoming.’ 


NESSON AND MIDALE ZONES OF THE 
MADISON FORMATION 


The Nesson and Midale units represent shelf, bar 
shoal and lagoonal sediments. Commingled production 
from the Midale and Nesson in the same well is com- 
mon. The Nesson is a pelletoid limestone underlain by 
anhydrite. Its porosity is erratically infilled with an- 
hydrite. Wells drilled in locations of increasing anhy- 
drite concentration exhibit sharply reduced productivi- 
ties and have the greatest need for acids having an an- 
hydrite solubility suppression feature. 


The Midale is a calcarenitic limestone and marl 
which locally grades into an argillaceous dolomite. It is 
located above the Nesson zone, separated from it by a 
thin zone of fossil detritus. The best permeabilities are 
on the order of a few millidarcies, and wells are fre- 
quently completed in areas of less than 12 md. The re- 
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duction of calcium sulfate precipitation is not a problem 
in the Midale because the quantity present is negligible. 


Fifteen acid treatments have been carried out in 12 
wells that have penetrated the Nesson and Midale zones; 
typical examples are shown in Table 4. Of these, 14 
showed evidence of increasing well productivity. One 
treatment was inconclusive due to a mechanical failure. 


The most complete information was obtained on 
Well 1. The pressure build-up analyses showed the av- 
erage effective permeability of the drainage area, after 
drilling and completion, to be only 2.6 md, compared 
with 12.6 md away from the wellbore. Lithologic de- 
scription of cores and cuttings had indicated signifi- 
cant amounts of anhydrite present in the zone. Clearly 
this well was an excellent candidate for treatment. The 
data in Tables 4 and 5 show that the productivity ra- 
tio (PR)* was increased by a factor of 6.7 by the anti- 
anhydrite acid treatment. 


Detailed information is given for Well 2 also. Infor- 
mation on the remainder of the Nesson and Midale 
treatments is limited to production rate data. Most of 
the treatments resulted in improvements in well pro- 
ductivity. The favorable results in the Nesson zone are 
an indirect indication of the effective suppression of 
the reprecipitation of the dissolved anhydrite. On the 
other hand, regular acid treatments are successful in 
the Midale (no anhydrite), and use of calcium chloride 
to suppress sulfate as used in Well 10 is not recom- 
mended for this zone; however, its rate retarding prop- 
erty may offer some advantage. 


Well 12 was treated in an attempt to improve per- 
meability at a considerable distance away from the 
wellbore. Apparently this was accomplished to some 
degree, but it was not considered to be a profitable op- 
eration. This has been the experience of other treat- 
ments designed for the same purpose in this formation. 


PHOSPHORIA (EMBAR) DOLOMITE 


The Phosphoria is a permeable dolomite which grades 
into dense anhydritic dolomite with interfingering of red 
shales. The denser regions contain microscopic inclu- 
sions of anhydrite. In addition, anhydrite frequently 
lines or fills the fracture systems which provide the ef- 
fective permeability. This type of occurrence is particu- 
larly susceptible to solution and reprecipitation of cal- 
cium sulfate in critical flow channels. 


Phosphoria wells in other areas with anhydrite-bear- 
ing zones have been acidized conventionally with suc- 
cess. However, a number of times re-treatments have 
reduced productivity. Calcium sulfate redeposition has 
been suspected (but not proved), Twenty-one treat- 
ments with anti-anhydrite acid have been made in 17 


_ Phosphoria dolomite completions in Wyoming; 14 were 


considered to show beneficial results, four were of mar- 
ginal success, and three were failures. No wells in the 
immediate area had been treated with regular acid, so 
comparisons were not possible. The best information 
was obtained on Well 13 (Tables 4 and 5). Core an- 
alysis indicated a low productivity, which was confirmed 
by swab testing. The initial PI was not measurable but 
was estimated to be 0.05. After treatment with anti-an- 
hydrite acid, the PI increased to 0.40 and the PR was 
1.65, which indicates the marked permeability increase 
around the wellbore. The success of this treatment 
prompted a series of additional recompletions in this 
field. 

Well 14 showed no improvement in productivity and 


TABLE 4 — ANTI-ANHYDRITE ACID TREATMENTS 


Production rate, BOPD, 
and producing method 


Anti-anhydrite 
acid treatment 


(treatment County, Formation Previous Gal 15 wt Lb CaCl. tmmediately ater ‘ ; 
number) State or Zone treatments % HCI* additives** Before ofter (months) Evaluation of acid performance ost) 
ing full allowable. 
N 2000 6600 140 flow 300 flow 150 flow Well currently producing ; 
ND. 1.E.S. Psb tp. 125 t.p. 675 t.p. 575 increased from 0.089 to 0.58 B/D psi. 
ae (9) P.R. increased from 0.212 to 1.40. 
Avg. perm. increased from 2.6 to 17.6 md. 
Successful 
2 Burke Nesson 500 gal 1500 5000 180 flow 240 flow 150 flow Well currently producing full allowable. 
N.D mud acid 1.E.S. t.p. 200 t.p. 600 t.p. 700 P.l. increased from 0.16 to 0.33. 
eS wash (8) F.R. increased from 0.98 to 2.04. 
Avg. perm. increased from 12 to 25 md. 
Successful 
10 Burke Midale 500 mud acid 2000 3600 None, 7\ flow 65 pump Flowed intermittently. Now pumping 
N.D. LES. completion full allowable. 
treatment Successful 
12 Burke Midale 500 HCI, 15,000 24,800 17 pump 90 pump 27 pump Emulsion acid fracture. Non-commercial 
N.D. 2000 HCl, (4) increase. Probably created permeability 
3000 emul. (and fractures) away from wellbore. 
HCl frac., 
and 3000 HCI Successful 
13 Big Horn Phosphoria None 6000 19,500 60 swab 222 flow 225 flow Final P.I., 0.40. Final P.R., 1.65. 
Wyo. I.E.S. Psb. t.p. 200 t.p. 110 Successful 
14 Big Horn Phosphoria 3000 HCI, 3000 9500 28 flow 28 flow 22 flow P.R. before treatment 3.77. 
Wyo. 20,000 HCI LE. t.p. 120 t.p. 120 t.p. 120 Inconclusive 
15 Big Horn Phosphoria None 6000 17,500 210 flow 100 pump 75 pump P.R. before treatment over 1.0. Now 
Wyo. ies t.p. 165 severely damaged. Cause unknown. 
Failure 
224) Big Horn Phosphoria None 3000 9600 9 swab 180 pump 54 pump 
Wyo. 1.E.S. Psb. Successful 
22.2) Big Horn Phosphoria 3000 HCI 6000 18,000 54 pump 197 pump 80 pump 
Wyo. with LE: 
CaCl: Successful 
*Acid strength equivalent to 15 wt per cent without calcium chloride E = Emulsion breaker Psb. = Perforation sealing balls 
** Inhibitor S = Surface tension agent t.p. = Tubing pressure 


TABLE 5—EFFECT OF ANTI-ANHYDRITE ACID 
ON WELL PRODUCTIVITY 


Well No. 1 Well No. 13 
Nesson Zone Phosphoria Dolomite 


Before After Before After 


Productivity Index 0.089 0.581 0.05 0.40 
Undamaged perm. k,, md* 12.3 12.6 — 27.0 
Average perm. k, md** 5 17.6 fh 44.5 
0.21 1.4 1.65 
BOPD 140 300 60 305 
Tubing pressure, psi 125 675 Swabbing 100 


*From bottom-hole pressure build-up information. 
**From PI measurement. 


none was expected since previous treatment had left 
it with a PR of 3.77. Well 15, which had been pro- 
ducing with a PR indicating no damage, suffered a loss 
in productivity with the anti-anhydrite acid treatment; 
no Satisfactory explanation has yet been made for the 
failure. No other wells were evaluated with PI and PR 
data. The remaining wells, typified by Well 22, consti- 
tute a significant number of successful treatments which 
were made as standard practice after preliminary evalu- 
ation of the acid in the Phosphoria. 


CONICL.US PONS 
Laboratory studies and field tests have indicated that 


addition of calcium chloride to treating acid would 
be a possible solution to the problem associated with 
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the presence of anhydrite (or gypsum) in oil-producing 
calcareous formations. 


Field tests conducted up to this time have not per- 


mitted an evaluation of the reduced reaction rate char- 
acteristic of the acid, but future tests might well be 
designed with this problem in mind. Certainly further 
evaluations are needed of comparable treatments using 
both regular acid and an anti-anhydrite acid. 
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The Sonic Log and The Delaware Sand 
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ST CT 


The objective of this study has been to develop a 
method of log interpretation in the Delaware sand 
whereby the effects of the shale contained within the 
sand can be recognized and accounted for in a quanti- 
tative solution for porosity. and water saturation. 

Both theoretical and empirical considerations are 
discussed. A simplified interpretation chart is presented 
which provides a means of amending the conventional 
porosity resolution of the Sonic log to compensate for 
the presence of shale. The amount of shale within the 
sand and its degree of lamination may be inferred from 
a calibrated gamma ray log. The resulting porosity 
value may then be used in conjunction with a knowledge 
of the formation resistivity to determine water satura- 
tion. 

Of added interest, particularly in the Delaware sand, 
is an approximation of permeability which maybe 
derived empirically from the simplified chart. 


The discussion is illustrated by field examples. 


INTRODUCTION 


The performance of the Sonic log in defining the 
porosity fraction in clean, consolidated formations is 
well known, particularly in sandstones that are well 


compacted and free of shale. An approach to Sonic log _ 


porosity determination in shaly sands has been recently 
developed.’ This method involves correcting the Sonic 
log readings by means of an a factor, where a is the 
ratio of the pseudo-static SP to the static SP, and is a 
function of the amount of shale present. 


This method is dependent upon a contrast between 
the salinities of the drilling fluid and the connate water 
in the formation, inasmuch as this contrast produces the 
SP effect. In wells drilled with salt mud, the contrast, 
and with it the means of obtaining the @ correction, 
disappear. 

In the Delaware basin, the large majority of rotary 
wells drilled to the uppermost sands of the Bell Canyon 
group employ salt mud as the drilling fluid. These sands 
have been the objective of most of the drilling explora- 
tion in the basin to date, A comparison of porosity 
values in these sands, as determined by core analysis, 
to Sonic log readings has indicated that a correction 
for the shaliness of the sand is needed. In the absence 
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of an SP curve to determine the correction factor, the 
porosity resolution of the Sonic log in these sands has 
been questionable. 


It has been observed in this region that the pure 
shale exhibits a radioactivity level of approximately 
12 » gm Ra Eq/ton, and lesser degrees of shaliness 
are indicated by correspondingly lower levels of radio- 
activity. The gamma ray log under these local condi- 
tions may then be considered as a means of measuring 
the shale content, since the gamma radiation is appar- 
ently emitted primarily by the minerals associated with 
the shale. The shale content thus measured may be 
considered as an additive to the sand matrix, and as 
such may be included as part of the matrix in any pro- 
posed relation between sonic velocity and porosity. 
The following relation has been proposed for clean 
compacted sands by M. R. J. Wyllie, A. R. Gregory 
and L. W. Gardner.’ 


1 1—¢ 
Vives V isquia ( ) 
where 
Viog iS the sonic velocity (ft/sec) read from 
the log, 


Viiquia is the sonic velocity (ft/sec) in the inter- 
stitial fluid, 


V matrix iS the sonic velocity (ft/sec) in the mate- 
rial constituting the matrix of the rock, 
and 
d is the fractional porosity, 
or 
A og") rix 
(2) 
Athiquia 
where the At’s are the respective transit times of the 
sound energy expressed in yu sec/ft. 
The addition of shale as a second matrix material 
extends this relation, following the same reasoning, to 


where 
Vana is the sonic velocity (ft/sec) in the sana 
matrix, 


Vennieis the sonic velocity (ft/sec) in the 
shale matrix, and 
Dp is the shale fraction of the total volume. 


Hence, 
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= 


Abhiquia IN Atiiquia AN 


The last term of Eq. 3, 


Ahhiquia 
appears here as a porosity reduction equivalent when 
applied to the conventional clean sand relation ex- 
pressed in Eq, 1. 


Eq. 3, therefore, provides an approach to the deter- 
mination of the average porosity of a shaly sand, if the 
sonic velocities and shale content are known. Fig. 1 is 
a graphical representation of this equation with transit 
time values assigned which are appropriate to the Dela- 
ware sands and with gamma radiation intensities corre- 
sponding linearly to the variation of shale content in 
these sands. 


SONIC DERIVED POROSITIES VS 
CORE ANALYSIS 


An empirical chart relating sonic readings to known 
porosity values is of interest. Core analysis data has 
been obtained from wells spread over a wide area of 
the Delaware basin. A comparison of core porosities 
to sonic readings is illustrated in Fig. 2. Each point 
plotted represents a section of several feet of sand in 
a particular well and is identified as to the gamma ray 
intensity measured opposite the section. Average lines 
of equal gamma ray intensity are shown. As might be 
expected from the preceding theoretical discussion, a 
porosity value given by the Sonic log is dependent upon 
the gamma ray intensity, and is decreased by an in- 
crease in the gamma ray intensity. 

A close comparison of the theoretical response with 
the empirical response, as discussed above and as illus- 
trated in Figs. 1 and 2, though in general agreeable, 
are not precisely the same. Particularly in sands of 
lower porosity, the two approaches diverge consider- 
ably. This can be seen readily in Fig. 3, on which the 
preceding charts are superimposed. 

The lack of coincidence of these two sets of porosity 
resolution curves—empirical and theoretical—calls for 
explanation. The following discussion is based on the 
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POROSITY VS. SONIC TRANSIT TIME 
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Fic. 2—An EmprrtcaL Pitot or Porosity vs TRANSIT TIME 
witH INCREASING SHALE CONTENT AS INDICATED BY GAMMA 
Ray DEFLECTION. 


assumption that this divergence results from the selec- 
tivity of core sampling for analysis, i.e., to the prefer- 
ential selection of cleaner sand streaks and the delib- 
erate exclusion of shale from the analysis. Practically 
all core analysis in these sands are performed on plugs 
taken from the core. It is known that the Delaware 
sand tends to become laminated with shale as the 
porosity decreases and as the shale content increases 
correspondingly. When plugging a core in this lam- 
inated condition, the tendency is to plug the sand and 
avoid the shale (insofar as possible), with the obvious 
result that core-derived porosities are representative 
of the sand itself as it occurs in either massive or lam- 
inated fashion, but are not representative of average 
porosity throughout a laminated section. It is to be 
expected, then, that a wider divergence would exist 
between sand porosity and average porosity in the lower 
porosity range. This is apparent from Fig. 3 and leads 
to the conclusion that the theoretical approach to sonic 
porosity resolution, as illustrated in Fig. 1, is relative 
to the average porosity; the empirical approach, in 
agreement with core analysis as illustrated in Fig. 2, 
defines the sand porosity excluding shaly laminations. 

Thus, from the Sonic log supplemented by a gamma 
ray log, two distinct porosity estimates are available— 
the average porosity and the sand porosity. Both of 
these concepts are important. The porosity and the 
cleanliness of the sand members have a decided bearing 
on the permeability and, therefore, on the possibility of 
production from the formation. The average porosity is 
a factor in reservoir evaluation. Further, a comparison 
of the two porosity values may reveal the presence and 
the degree of lamination present in the formation. 


DETERMINATION OF WATER SATURATION 


The determination of water saturation in shaly sands 
has been the subject of previous studies,*** primarily 
from the point of view that the shale has the property 
of being a conductive solid in the reservoir rock. This 
added conductivity greatly complicates the procedure 
involved in calculating water saturation. Fortunately, 
in the Delaware sands the conductivity of the shale is 
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quite small in comparison to the conductivity of the 
productive sands’ members. A simplification of the 
equations relating to water saturation may therefore 
be made. 


Considering the case of a porous sand streak sub- 
‘stantially free of shale but within a series of sand-shale 
laminations and assuming that in Archie’s relation n is 
equal to 2, the water saturation in the sand may be 
represented by:* 


( s.s) == Ris . . (6) 


where the accent s denotes reference to the sand 
portion (as distinguished from average values) in a 
sandwich of shale and sand.- = ; 
Further, from the previous studies: 
if 
= . . . 7 
IR R,s ) 


where 


R, equals the average true resistivity of the — 


sand-shale series as determined by a deep 
investigation device such as the Laterolog 
or the Induction log, 

R,, is the resistivity of the shale, and 


p’ refers to the proportion of shale streaks in 
the shaly sand. 


Combining Eqs. 6 and 7 to eliminate R:s, 


Eq, 8 may be simplified for practical purposes by letting 
(huss 


(s.s) 


*In the range of porosities from 15 to 25 per cent, F = .75/¢" 
approximates the Humble formula, F = .62/¢*-*°, and is used here 
for convenience. 

**The maximum value of p’ corresponding to commercial produc- 
tion from the Delaware sand is approximately .25. Rsn is found to 
be at least 10 times as great as the R: value corresponding to pro- 


= , within practical limits, is therefore 
sh 


no more than ae , resulting in a maximum error in Sw of 1 
vt 


ductive zones. The term 


per cent. 
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The preceding solution for water saturation was made 
with reference to a clean sand streak and requires a 
knowledge of p’, the proportion of shale in laminated 
form in the shaly sand. This value is not to be con- 
fused with p, the total shale percentage, inasmuch as 
the latter may occur in both dispersed and laminated 
fashion. The value of p’ may, however, be determined 
by a simple relation of values previously identified in 
3; 


where 


day iS the average porosity including shale 
streaks. 


The remainder of the shale content, p — p’, must 
necessarily occur in a dispersed manner within the 
sand streaks. Furthermore, the simplification that Ry, 
= co implies that the solution for S,,s, a clean sand 
streak, may also be applied to a sand streak having 
some dispersed shale in it. It can be shown, following 
previous reasoning, that the magnitude of error result- 
ing from this assumption is quite small. 


Eqs. 9 and 10 combine to give 


) 
SS 
ds PavRi 


Eq. 11, in combination with sand porosity values 
derived from Fig. 3, is presented graphically, with some 
simplifications, as Fig. 4. From this simplified chart, 
patterned after the recently published Chart D-20", the 
values of the sand porosity and its water saturation 
may be readily determined. The sand porosity thus 
evaluated is the porosity of the cleaner sand streaks 
exclusive of the shale laminations. The logs required 
for this analysis are the combination gamma ray-Sonic 
log (to determine porosity values) plus a deep investi- 
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gation resistivity device such as the Laterolog (to de- 
termine water saturation). 


It is recommended that the MicroLaterolog device 
also be employed to allow the correction of R,, to R:. 


PERM 


As a bonus feature of the gamma ray-sonic log com- 
bination, it has been observed that a correlation exists 
between the porosity of the Delaware sand, its shale 
content and its permeability. Although this relation is 
of empirical nature, the results from its use are thus 
far consistent and have been found to agree reasonably 
well with core analysis. 

For convenience, this relationship has been added 
graphically to Fig. 4. 


To be of real value, limits must be established for the 
ranges of porosity, permeability and water saturation 
conducive to the production of oil from the sand, These 
limits are briefly summarized. 

The sand porosity value itself is not a limiting factor; 
in general, however, production is not probable from a 
Delaware sand of less than 15 per cent porosity. The 
porosity is, of course, a factor in the evaluation of 
ultimate recovery. 

The permeability value may be considered critical at 
5 md. Considering the empirical nature of this de- 
termination, it would be well to broaden this figure 
to a range of from 1 to 10 md. Permeability values 
falling below 1 md on Fig. 4 may be considered non- 
productive; values above 10 md are indicative of prob- 
able fluid production. 

Water saturations, as determined from Fig. 4, also 
require a critical range concept. Experience indicates 
that values of water saturation of less than 50 per cent 
are consistent with clean oil production. As the water 
saturation increases above 50 per cent, some water 
production may be expected. Above 60 per cent, the 
water saturation is too great for the production of any 
oil. These predictions are of course dependent on the 
previous permeability limitations as to whether fluid 
of any kind will be produced. 


Pink 


Fig. 5 shows a gamma ray-sonic log on a field well 
in Reeves County. This particular example is selected 
to illustrate the effect of shaliness on the sonic read- 
ings because, in this case, there is a wide variation in 
sonic readings together with increased shaliness in the 
upper part of the sand. At the lower right of the figure, 
the conventional porosity scale that would apply to a 
clean sand (V,, = 18,000 ft/sec) is presented. Porosity 
values from core analysis have been plotted to this 
same scale. It is apparent that in the upper porous sec- 
tion there is considerable disagreement between the 
values of porosity, Further examination reveals that, 
from the gamma ray curve, this section contains more 
shale than below. In the lower porous section, some- 
what cleaner, the values agree reasonably well. 


In Fig. 6, from the same logs, the porosity values as 
determined from the Delaware Sand chart (Fig. 4) 
have been plotted. The corresponding plot of core 
porosities now falls into close agreement in both the 
shaly portion and the cleaner portion of the sand. 
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It is interesting to note that in this example the sonic 
porosity is corrected from a maximum of 29 per cent 
down to 24 per cent. This in turn would have its effect 
on the water saturation calculation and is enough to 
be quite significant. S,, could be increased from a value 
of 50 per cent to a value of 60 per cent by a down- 
ward correction of the porosity of this magnitude. 

Another example typical of the Delaware sand is 
shown in Fig. 7. This example illustrates both porosity 
and water saturation determination using the Delaware 
Sand chart. 

Looking first at the upper part of Sand A (at about 
2,952 ft) and reading values of At = 91, GR = 4; 
the porosity is found to be just under 24 per cent. R, is 
established from R,, and Ryzz1, with respective values of 
3.0 and 1.5, by correcting for an invasion diameter of 
40 in. (Ry, = -4 + .6R,). is found to be 4.0. 
R,, in this field is known to be .045 at bottom-hole tem- 
perature, giving an R,R,, ratio of 89. The water satura- 
tion is then determined to be 42 per cent, as indicated 
by the intersection of the dashed lines on the chart. 

At a lower point in Sand A (at about 2,960 ft) and 
following the same procedure with values of At = 92, 
GR = 45, Riz = 2.00and Ruy — 
the porosity is found to be just over 23 per cent and the 
water saturation 52 per cent. Permeabilities appear to 
vary from 20 to 30 md through this upper sand. 

This well was completed from perforations 2,947 to 
2,961 ft, and after fracing potentialed for 156 BOPD 
with a small amount of water. 

Looking next at Sand B, and in the lower section of 
the sand at about 2,996 to 3,000 ft, average values are 
read’ as Af = 80, GR = 4.0, = 4, and — 
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(R./R.,. = 95); the porosity is found to be 18 per cent, 
water-saturation 60 per cent. Permeability is within the 
range of 1 to 10 md, more nearly 1 md. Therefore, 
water production might be expected from this lower 
section of Sand B if any fluid were produced. 


DISCUSSION 


The importance of the gamma ray curve as a comple- 
ment to the Sonic log is obvious. It follows that the 
calibration and sensitivity of the recorded gamma ray 
curve is no less important than the Sonic log or the 


resistivity logs, and it must be obtained with maximum _ 


attention and precision. 

It is realized that the application of the Delaware 
Sand chart is not without limitations. With more experi- 
ence, perhaps more precise values of critical water 
saturation can be fixed with reference to porosity and 
permeability. Studies of irreducible water saturations 
and the relative permeabilities to oil and water will 
undoubtedly contribute in this regard. 

_ Another consideration of importance is the probable 

variation in radioactivity of the pure shale deposited 
within the Delaware basin.-The data used to establish 
the relations in this paper were taken from various 

wells and fields located for the most part in the geo- 
- graphical center of the basin because this is the most 
active area at present. It may be found that the shale 
correction appropriate here is not sufficient for remote 
wells. The principle, however, should remain the same; 
only the relation of radioactivity level to shale content 
would vary. 
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It does seem certain that a shale correction is essen- 
tial to the proper porosity resolution of the Sonic log 
in shaly sands. The method proposed herein has been 
found useful in one province of shaly sands drilled with 


salt mud, the Delaware basin. There is reason to believe 


this approach will also apply (perhaps with some modi- 
fication) to the shallow sands of the Permian Basin— 
the Yates, Seven Rivers and Queen. 
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Two Bottom-Hole Pressure Instruments 
Providing Automatic Surface Recording 


INTRODUCTION 


A long term project at Shell Devel- 
opment Co.’s Exploration and Pro- 
duction Research Laboratory has 
been the improvement of the accu- 
racy and the ease of BHP measure- 
ments. As a result of these efforts, 
two complete and separate systems 
have now been built for the auto- 
matic logging of BHP variations. 
The first of these is a small-diameter 
instrument suitable for running 
through production tubing on a 
single-conductor well cable. During 
the development of this instrument, 
as much emphasis was placed on 
providing a high degree of usable 
sensitivity and repeatable accuracy 
as on obtaining the advantages of 
surface recording. The second sys- 
tem combines the benefits of auto- 
matic, unattended recording with the 
convenience of a permanently in- 
stalled Maihak BHP transmitter.* 


THE CABLE INSTRUMENT 


For many years the standard in- 
strument for BHP determination has 
been the wireline-operated Amerada 
recording pressure gauge or one of 
several other similar devices. This 
gauge records on a small clock- 
driven chart carried within the in- 
strument, and although relatively 
precise readings from the chart are 
possible, they are difficult to ob- 
tain.”* Both the maximum recording 
time and the resolution of the time 
measurements are limited by chart 
size, and when a slow clock is re- 
quired for long tests, the precision 
of the time measurement is often 


Original manuscript received in Society of 
Petroleum Engineers office Aug. 10, 1959. 
Revised manuscript received Jan. 5, 1960. 
Paper presented at 34th Annual Fall Meet- 
ing of SPE, Oct. 4-7, 1959, in Dallas. 
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inadequate. Since it is impossible to 
determine the data being recorded 
until the gauge has been returned to 
the surface, wasted time often re- 
sults when a test is protracted be- 
yond the necessary time or when it is 
terminated too soon and must be 
re-run. Clock stoppage or other 
malfunctions which would be imme- 
diately apparent with surface record- 
ing remains undetected with down- 
hole recording; the test is continued 
for its full term with a consequent 
loss in production time. As new uses 
for subsurface pressure data evolved, 
the shortcomings of the wireline in- 
strument became increasingly appar- 
ent, and the concurrent development 
of a surface-recording pressure 
gauge and the associated high-pres- 
sure well cable service unit* was 
undertaken. 


DESCRIPTION OF THE INSTRUMENT 
Because of its ready availability 
and advanced degree of develop- 
ment, the Amerada bourdon-tube 
element was chosen as the basic 
pressure-sensing device. This ele- 
ment converts a given pressure into 
a proportional angular displacement 
of its output shaft, and a suitable 
telemetering system was designed to 
measure accurately the extent of this 
displacement and to transmit the 
Measurement to the surface and 
record it. The telemetering system 
furnishes a digital record printed on 
paper tape by an adding machine- 
type printer. The present arrange- 
ment provides a resolution of one 
part in 42,000 over the angular 
equivalent of full-scale deflection, 
giving a usable sensitivity of better 
than 0.0025 per cent of full scale. 
An additional refinement simultane- 
ously records on the tape the time 
or the depth of the measurement, 
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also in digital form. When the instru- 
ment is placed in operation, an ad- 
justable programer can be set to 
initiate a read-out cycle automatic- 
ally at selected time intervals. When 
subsurface pressures are changing 
rapidly, readings may be recorded as 
frequently as once every 10 seconds; 
when pressures are more nearly sta- 
bilized, the period between readings 
may be extended to as much as 30 
minutes. Because the instrument is 
surface-powered as well as surface- 
recording, the maximum period of 
continuous logging is (for all prac- 
tical purposes) unlimited. 


The subsurface instrument is a 
tubular tool, 114-in. in diameter and 
6.5 ft in length, operating on 12,000 
ft of conventional 3/16-in. 1HO log- 
ging cable. The transmitting section, 
mounted above the bourdon-tube 
element in place of the regular re- 
cording mechanism, contains no 
fragile vacuum tubes or temperature- 
Sensitive transistors. This unit has 
been laboratory-tested to 10,000 psi 
and 300°F and has performed de- 
pendably during a number of field 
operations. The down-hole transmit- 
ting arrangement can be fitted to any 
standard Amerada pressure element, 
regardless of range and with no 
modification of the element itself. 


CALIBRATION 


To obtain a repeatability commen- 
surate with the sensitivity and reso- 
lution of the instrument, it was 
necessary to develop a special cali- 
brating technique. The manufacturers 
of the Amerada recording pressure 
gauge claim an accuracy of only 
0.25 per cent of full scale, which is 
a realistic figure for normal calibrat- 
ing and operating procedures. An 
exhaustive investigation was made 
of the errors inherent in the bour- 
don-tube element, itself, independent 
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of the Amerada recording system. 
The investigation showed that sev- 
eral sources of error contributed to 
the 0.25 per cent figure and that 
each, when isolated from the others, 
was systematic and highly repro- 
ducible. In addition to temperature 
sensitivity, non-linearity and hystere- 
sis, the element was found to be 
subject to an elastic after-effect of 
the type described by Zener, where- 
in an elastically deflected system does 
not arrive immediately at its final 
equilibrium position but, rather, after 
an immediate initial deflection, drifts 
there slowly during what might be 
termed a relaxation period. This 
anelastic behavior differs from long- 
term creep effects in that it is def- 
initely reversible. When all sources 
of error are taken into consideration 
in the calibration and interpretation 
procedure, the repeatibility of the 
element is better than 0.01 per cent 
of full scale. In a typical instance, 
a 4,100-psi Amerada Ni-Span C ele- 
ment, suitably calibrated and stabi- 
lized, repeated its calibration within 
-0.4 psi after a span of eight days, 
during which time it was transported 
to and from the field and operated 
continuously in a well for a period 
of 96 hours. 


APPLICATIONS 


The surface-recording instrument 
is not considered a substitute for the 
standard Amerada wireline device 
in the many routine applications 
where results with that instrument 
are satisfactory. The increased costs 
of operation are warranted only 
where pressure measurements of 
greater precision and accuracy are 
required or where the advantages of 
protracted operation and surface re- 
cording are desirable. A particular 
case, wherein the resolution and sta- 
bility of this instrument are a neces- 
sity and the immediate availability 
of the data is a highly desirable fea- 
ture, is the recently proposed “reser- 
voir limit test”.° In the course of this 
test, it is necessary for the subsur- 
face pressure gauge to record accu- 
rately a decline of flowing BHP 
which usually amounts to only a 
small fraction of 1 per cent of the 
measured pressure. Duration of the 
test depends on the length of time 
required for the well to arrive at 
steady-state producing conditions, 
and this point can be definitely 
determined only from the surface- 
recorded pressure data. The data 
recorded by this instrument during a 
reservoir limit test are shown in Fig. 
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1. These data represent a decline 
rate of 21.7 psi per day, or a change 
of only 0.32 per cent of the 6,680 
psi range of the bourdon tube used 
in the test. Deviation of the pres- 
sure readings from a smooth curve 
is less than 0.4 psi (0.006 per cent), 
and it has been estimated that de- 
cline rates as low as 2 psi per day 
can be determined. This will con- 
siderably extend the size of the reser- 
voir to which the test can be suc- 
cessfully applied. As can be seen, it 
was possible to terminate this test 
after 42 hours with the assurance 
that, for the last 18 hours of the 
test, the decline rate had been con- 
stant. 


THE PERMANENTLY 
INSTALLED INSTRUMENT 


The German-made Maihak BHP 
transmitter is a vibrating-wire-type 
of transducer built for permanent in- 
stallation on the production tubing. 
Communication with the surface is 
provided by a low-cost, insulated sin- 


gle-conduciwor wire, attached along | 


the side of the tubing string at the 
time of installation. When excited by 
a suitable electric impulse from the 
surface, the vibrating wire induces a 
damped sinusoidal voltage in the sig- 
nal lead. The frequency of this signal 
is a nonlinear function of the well 
pressure and decreases as the pres- 
sure increases. Normally, this fre- 
quency: is measured at the surface 
with the Maihak receiver—the signal 
frequency is compared with an ad- 
justable known frequency by means 
of a Lissajou pattern on a small cath- 
ode-ray tube screen. This method of 
read-out is well suited for making 


routine pressure readings in those ~~ 


applications where the amount of 
data to be gathered is small and the 
Measured pressures are essentially 
static. On the other hand, for those 
applications where data must be ac- 
cumulated systematically over long 
periods of time or where the pres- 
sure and therefore the frequency are 
varying continuously, this manually 
operated, non-recording read-out de- 
vice is much less suitable. Accord- 
ingly, when Shell Oil Co. initiated a 
program of field testing the Maihak 
equipment, the development of a 
suitable automatic recorder was also 
undertaken, The resultant instrument 
has been successfully field tested and 
has been in almost continuous use in 
a laboratory transmitter evaluation 
and recalibration program. 


THE SHELL DEVELOPMENT 
RECORDER 

The automatic recorder periodic- 
ally pulses the down-hole transmit- 
ter and, by electronic counter tech- 
niques, evaluates and records the 
return signal. The calibration con- 
stants of the particular transmitter 
being used can be pre-set into the 
instrument so that the record reads 
directly in pounds per square inch. 
Recording can be done by means of 
an adding-machine type of printer or 
by a specially designed, digital strip 
chart recorder. Time data is pro- 
vided in the printer by a built-in 
time-data input and in the strip chart 
recorder by the known chart speed. 
Because the printer and its associa- 
ted converter and control circuits are 
highly complex, they contribute a 
disproportionate amount to the size 
and price of the equipment, as well 


4530 


= 4520--° 
° 
° 
4510+ 
2 ° 
w 
WwW 
o 
° 
° 
2 ° 
2 4490+ 
1 ° 
= 
° 
4480+ 
° 
o ° ° 
Z 4470; 
= 
START OF SEMISTEADY—STATE 
FLOW AT t=1470 MINUTES 
4450; 


— 21.7 psi/day 
dt 


(o} 200 400 600 800 1000 


1200 1400 1600 1800 2000 2200 2400 


FLOWING TIME, MINUTES 


Fic. 1--Reservorr Limir Test. Measurep BoTTOM-HOLE PRESSURES. 


as to 1ts power and maintenance re- 
quirements; therefore, the strip chart 
recorder is generally preferred for 
field use. This recorder preserves the 
convenience and precision of a digi- 
tal read-out in pounds per square 
inch; it also provides a semigraphical 
presentation from which trends in 
the data can be observed more 
readily than from the column of fig- 
ures provided by the printer. 


The entire instrument is transis- 
torized for dependability, small size 
and very low power consumption. 
Provisions are made for field opera- 
tion from an automotive battery, and 
an audio monitor circuit is included 
which broadcasts the transmitter’s 
ringing note over a small speaker as 
an assurance of the proper function- 
ing of the pulser and the complete 
transmitter and amplifier circuit. 


CALIBRATION OF THE 
TRANSMITTER 

One of the major uses to which 
the developmental model of the Shell- 
built recorder has been put is the 
investigation of the calibration char- 
acteristics of the Maihak BHP trans- 
mitter. More than 50 transmitters 
have been calibrated, many of them 
repeatedly. In general, these instru- 
ments were found to exhibit both a 
temperature coefficient and a large 
and extremely slow elastic after- 
effect. 

The magnitude and direction of 
the variation with temperature were 
found to vary from one transmitter 
to the next, with an occasional unit 
showing almost perfect compensa- 
tion. For some units, the indicated 
readings increased with temperature 
while for others it decreased. In gen- 
eral, these variations were approxi- 
mately linear over the range from 
85° to 205°F. Within this range, 
the maximum change due to tem- 
perature was approximately 1.5 per 
cent of full scale. 


The elastic after-effect was of the 
same type found in the Amerada 
boudon-tube element except that 
the change in reading due to after- 
effect in that instrument was only 
0.1 per cent of full scale; the read- 
ing change in the Maihak transmit- 
ter consistently approached 2.5 per 
cent for a full-scale change in pres- 
sure. In addition, the drift with time 
following a pressure change was re- 
versed in the Maihak transmitter 
from that normally observed. Be- 
cause applying pressure to the ele- 
ment simultaneously increases the 
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stress in the diaphragm and de- 
creases the stress in the wire, both 
members might be expected to dem- 
onstrate an elastic after-effect. The 
effect is present in both members, 
but that of the wire is predominant 
and that of the diaphragm is barely 
discernible, Insofar as the elastic de- 
flection of the wire is reduced by an 
increase in pressure, the resultant 
after-effect is a delayed contraction; 
hence, the readings following a pres- 
sure increase overshoot (rather than 
lag behind) the equilibrium value 
and then drift slowly back to the 
final figure. After the readings have 
stabilized, returning the pressure to 
zero causes a similar overshoot to 
an excessively low figure, with the 
same gradual return to an equilib- 
rium value. In Fig. 2, the per cent 
error due to elastic after-effect fol- 
lowing a full-scale change in pres- 
sure is plotted vs the logarithm of 
time for a series of operating tem- 
peratures. It can be seen that, as 
the temperature is decreased, the 
drift rate decreases also and the 
length of time required to reach 
equilibrium increases. 

Experiment indicated that the 
manufacturer’s calibration of the 
transmitters checked was based on 
quick readings made at room tem- 
perature. Therefore, under well con- 
ditions of maximum temperature and 
full-scale pressure, the combined 
error due to temperature and elastic 
after-effect could amount to as much 
as 4 per cent of full scale. Accord- 
ingly, it was decided to recalibrate 
the transmitters before installation. 
Because of the appreciable time re- 
quired to arrive at equilibrium fol- 
lowing any change in temperature 
or pressure, it is obviously imprac- 
tical to calibrate every transmitter 


at all temperatures and pressures. 
However, a quicker procedure is 
possible because only two points are 
required to determine the calibration 
curve at any one temperature. With 
the transmitter at equilibrium at zero 
pressure, a series of readings (”) are 
taken at several temperature settings. 
The transmitter is then brought to 
equilibrium at full-scale pressure (at 
maximum temperature to insure the 
shortest equilibrium time) and a 
similar series of readings (7;,) are 
taken. These readings, expressed in 
Maihak receiver dial units, are plot- 
ted as a function of temperature 
(Fig. 3). To find the pressure (psi) 
corresponding to a given n measured 
at a known temperature, the values 
of n, and n,, corresponding to that 
temperature are read from Fig. 3 
and substituted into the equations 
given in that figure. To check the 
validity of this calibration procedure, 
12 transmitters have been brought 
to equilibrium at a temperature and 
pressure other than those used in 
their calibration, and the agreement 
has always been excellent. Calibra- 
tion repeatability has been approxi- 
mately 0.25 per cent of full scale. 
When drift due to the elastic after- 
effect is eliminated, hysteresis errors 
are apparently negligible, and no 
correction of descending pressure 
readings is necessary. While the elas- 
tic after-effect does limit the tran- 
sient response of the transmitter 
(especially in the cooler wells), a 
number of comparison pressure 
build-ups (wherein readings were 
made concurrently with an Amerada 
bomb and a Maihak transmitter) in- 
dicate that, for the normal amount 
and rate of pressure change, this 
effect is of little or no consequence. 


Data taken during such a com- 
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parison run are shown in Fig. 4. 
The maximum deviation of one set 
of data from the other is 15 psi, or 
less than 0.7 per cent of full scale 
of the 2,200-psi transmitter. At the 
time of the test, the Maihak trans- 
mitter had been installed in the well 
for over 312 months. The 15-psi 
maximum deviation represents the 
composite effects of the error in each 
_of the gauges, plus whatever errors 
might arise in correcting the read- 
ings to the same depth, and might 
just as readily be attributed to an 
_errer in the time data used for cor- 
relating the readings. ; 
The apparent inadequacy of the 
manufacturer’s calibration procedure 
has been pointed out to the United 
States distributor and has been re- 
layed by them to the Maihak people. 
In the future it probably will be un- 
necessary to recalibrate new instru- 


ments to~ obtain the accuracy of 
which they are capable. 


APPLICATIONS 

Where subsurface pressure read- 
ings are required at frequent inter- 
vals in either pumping or flowing 
wells, the installation of a Maihak 
BHP transmitter can provide signi- 
ficant savings over the cost of re- 
peated wireline surveys. In pumping 


wells, it is no longer necessary to re- 
move the pump and sucker rods to 
make pressure measurements; pres- 
sure build-up data can be obtained 
from the instant the well is shut in, 
rather than after the rods and pump 
have been removed and the wireline 
instrument lowered to bottom. Pump- 
off data for the optimization of the 
pumping program is also readily ob- 


tainable- and can be checked {ress 


quently. 

Although the operations involved 
in making and-recording a measure- 
ment with the Maihak receiver are 
simple, in some cases they must be 
repeated at frequent intervals for 
periods as long as 72 hours. In these 
applications the automatic recorder, 
in addition to eliminating the need 
for frequent attention, also reduces 
the likelihood of error by substitut- 
ing a programed cyclic machine op- 
eration for a repetitive operator 
procedure. The difficulties in making 
precise readings with the Maihak 
receiver in the face of a continually 
varying pressure, pointed out by 
Lozano and Harthorn,’ are complete- 
ly eliminated by the high reading 
and recording rate of the Shell-built 
recorder, with which a maximum 
reading rate of six to eight readings 
per minute is available, In addition, 
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the magnitude and direction of an_ 
indicated pressure change are more 
readily determined from the Shell re- 
corder’s direct read-out in pounds 
per square inch than from the varia- 
tion in the Maihak receiver dial 
readings. These dial readings de- 
crease numerically with an increase 
in pressure and must be substracted 
from the zero pressure reading, with 
the difference then being multiplied 
by the proper calibration factor to 
determine the indicated pressure in 
pounds per square inch. os 


To a degree, the devices described 
herein are special-purpose instru- 
ments designed to provide pressure 
data more conveniently, more accu- 
rately or more quickly than is pos- 
sible with conventional equipment. 


~ In addition to providing surface re- 


cording and protracted uninterrupted 
operation, the cable-operated instru- 
ment also provides a precision and 
accuracy of both time and pressure 
measurement that are not available 
elsewhere. The Maihak transmitter 
offers both the convenience of per- 
manent installation and the advan- 
tages of surface read-out in combi- 
nation with an accuracy that is ade- 


- quate in the majority of applications. 


The automatic recorder for use with 
the Maihak transmitter overcomes 
the limitations of the regular Mai- 
hak receiver which is, in general, 
a conveniently portable and ade- 
quately accurate device suitable for 
the more routine applications. 


As is to be expected, the benefits 


. of such special instrumentation can 


be enjoyed only by increasing over- 
all complexity, initial cost and op- 
erating expense; but for those appli- 
cations where their special features 
watrant the extra cost, these instru- 
ments have been developed and soon 
will be available. 
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Theoretical Approach to the Investigation of Films 
Occurring at Crude Oil-Water Interfaces 


ROBERT R. HARVEY 


Recent evidence has indicated that the films forming 
at crude oil-water interfaces are the result of naturally 
occurring surface-active components in the crude oil 
rather than oxidation products resulting from exposure 
of the oil to air. Since the presence of such films may 
strongly affect the displacement of oil from porous 
media, a knowledge of their composition and formation 
is of fundamental importance. 


In this study, without the assumption of a specific 
mechanism, film formation is considered to involve the 
transfer of a weakly surface-active species in solution 
in the oil to the oil-water interface. The film gas law 
and the Gibbs adsorption equation may thus be applied 
to the system. 


The rigid films which form upon decrease of the oil- 
water interfacial area are considered a result of the very 
slow rate of re-solution of the film material into the 
oil. When the shrinkage of the interface is very rapid, 
the amount of film material leaving the interface is neg- 
ligible, and the system may then be treated in the same 
manner as an insoluble film. 


The combination of these treatments leads to a new 
concept of the film factor in which it may be quanti- 
tatively related to the concentration of film-forming ma- 
terial at the interface. Suitable experiments can then 
yield the following information. 


1. Original concentration of surface-active species in 
the oil. 


2. The change of concentration with time. 


3. Concentration of surface active species at the in- 
terface. 


4. The change of this concentration with time. 


5. Interfacial tension of the system at any time and 
its variation with time. 


6. Equilibrium concentrations for a given set of con- 
ditions. 


7. Concentration requirements for solid film forma- 
tion. 


8. Molecular diameter of the adsorbed species. 


These calculations may be made solely from data 
taken from measurements on the original oil. 


Original manuscript received in Society of Petroleum Engineers 
office Noy. 22, 1958. Revised manuscript received Dec. 2, 1959. 
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While using the pendant drop method of interfacial 
tension measurement of crude oil-water systems, Bartell 
and Niederhauser’ remarked on the thin, transparent, 
pliable, solid films or membranes which were often 
formed at the interface between crude oil and water. 


As a result of their observations of these films, Bar- 
tell and Niederhauser concluded: 


1. The films are formed by material from the oil ad- 
sorbed at the interface rather than by a reaction at the 
interface. 


2. The adsorption of the film-forming material is a 
rather slow process. 


3. There are good indications that the process is 
reversible; i.e., the film constituents may re-dissoive 
into the oil. 


4. The film will spontaneously spread over any new 
surface formed. 


5. The process of adsorption at the interface is ac- 
companied by a decrease in the interfacial tension of 
the system. 


Although they had proved that film formation was 
not due to a reaction at the interface, Bartell and Nie- 
derhauser were unable to demonstrate conclusively 
whether these film-forming constituents were present in 
the original reservoir oil or whether they were formed 
aS oxidation products after exposure of the oil to air. 
Recent evidence’ seems to point to their presence in 
the original oil. 


Although the true nature of the film-forming consti- 
tuents is still uncertain, these conditions would be ful- 
filled by the assumption of the presence of a slightly 
soluble surface-active component in the original oil. 
This component would migrate to a freshly formed in- 
terface because it would thereby lower the free energy 
of the system. The component at the surface constitutes 
an expanded monolayer which would become com- 
pressed, upon retraction of drop, due to the slow rate 
of re-solution of the film components into the bulk of 
the oil. 


It is possible, by involved extraction processes, to 
separate or at least concentrate this film-forming frac- 
tion. However, using the assumptions made above, the 
technique of monolayer film study may be applied to 
reveal much of the nature of the adsorbing material 
without resorting to an actual separation of the film- 
forming constituents. 


+References given at end of paper. 
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INITIAL ASSUMPTIONS 


On the basis of the foregoing discussion, it is initially 
assumed that there is in the crude oil a surface-active 


component assumed to be either a single molecular 


species or several species, to which an average designa- 
tion (P) may be applied. In a freshly formed drop of 
crude oil in water, the concentration of P is uniformly 
etuted throughout the bulk of the oil and has the 
value, c,. 


Being surface active, the molecules of P will migrate 
to the oil-water interface forming a monolayer. This 
migration obviously does not take place instantaneously 
but occurs at a finite rate. In addition, the migration 
will not continue to completion but is opposed by a 
reverse reaction consisting of dissolution of the surface 
molecules into the bulk of the oil. From observations, 
it is presumed that the rate of this reverse reaction is, 
at any time, very small. 


If at any time during the drop life the area of oil- 
water contact is decreased (as by withdrawing the drop 
rapidly into the dropper tip), the adsorbed molecules 
‘at the surface, which have been loosely distributed, will 
become more and more closely packed, This crowding 
could be relieved, of course, by re-solution into the oil, 
but, because this is a very slow reaction and the shrink- 
age occurs rapidly, this re-solution rate is approximately 
zero. When the packing reaches a point where the area 
occupied by each molecule is approximately equal to 
the molecular cross-section, further contraction of the 
drop will result in the piling up of surface molecules 
and a visible wrinkling of the surface. This point will 
be referred to as the film point, and the surface con- 
centration at this point is designated as the film con- 
centration. 


This film concentration is then a function of the 
molecular cross-section and would be expected to be 
independent of the original concentration, c,, the age 
of the drop when withdrawal began and the original 
size of the drop. It would be expected to be affected by 
pressure and temperature. There are indications that 
it might also be affected by the composition of the 
aqueous phase. 

The film factor is the ratio of the area of the drop 
at the point at which solid film formation first appears 
to the original area when shrinkage began. If F is the 
film factor so defined, then the surface concentration 
at any time is proportional to the film point concentra- 
tion; i.e., the surface concentration if the drop were 
suddenly contacted to the film point, where F is the 
proportionality factor. 

Obviously, then, the film factor is a function of the 
drop age. It will also be a function of the original con- 
centration of surface-active component and of the ori- 
ginal drop size and shape. 


MATHEMATICAL DEFINITIONS 


THE FILM FACTOR EQUATION 


From the definitions of the film factor and the film 
concentration one can write, 
where x = the surface concentration of P at any time, 
in mol/sq cm or comparable units, 
x, = the surface concentration of P at the film 
point in mol/sq cm or comparable units, 
and 


F = the film factor, or the ratio of the surface 
area at film point to the original surface 
area, a dimensionless quantity. 


It would be convenient at this point if the surface 
areas of the drops could be reduced to a simple func- 
tion of one or two linear measurements on the drop. 
This would be the case if the drop were assumed, for 
instance, to be a perfect sphere. 


Unfortunately, not only do the shapes of actual pen- 
dant drops depart radically from those of perfect 
spheres but the equation expressing the true shape takes 
the form of a differential equation which has thus far 
resisted all efforts to integrate it directly. However, an 
accurate series solution has been derived for the drop 
profile equation. The use of this solution in the calcu- 
lation of drop areas (and thereby F) is described in 
the Appendix. 


THE GIBBS EQUATION 


For low concentrations of a solute, the Gibbs equa- 
tion® may be written 


where I’ = the surface excess or the concentration at 
the interface between two phases of a 
solute present in one or both of the 
phases, in excess of that which would be 
present if the two phases were completely 
homogeneous up to an interface of zero 
thickness, 


c = the concentration of the solute in the bulk 
of the solution and 


y = the interfacial tension, 


In the previous discussion, we have implied that the 
surface concentration (x) is zero at zero time. That is, 
the drop formed as a fresh surface. This is an entirely 
reasonable assumption but is incompatible with the 
statement that the concentration of the species, P, whose 
migration to the surface gives rise to x, is uniform 
throughout the bulk of the drop. Obviously, some of P 
must be at the surface already and should be counted 
as an initial value of x = x;. In practice, since the con- 
centration of P in the bulk is very low, x; is essentially 
zero, and we may safely equate T' to the surface con- 
centration. Making the substitution, 


II 


where n = the decrease in the concentration of the sur- 
face-active solute in the drop and 

c, = the original bulk concentration of the surface- 

active solute. 
Noting that the Gibbs equation refers only to equi- 
librium reactions, Eq. 2 becomes 


where the subscript e refers to the equilibrium values. 

Because all of the decrease n gives rise to the concen- 

tration x at the surface, it should be possible to express 

n in terms of x. This relationship is simply 

A 

V 

where A is the surface area over which x is distributed, 

and V is the volume which that area encloses. Because 

the interfacial tension obviously changes with time and 


Cc 


because the value of the interfacial tension is calculated 
from the drop shape, it is apparent that A/V must also 
vary with y. Hence it will not be possible to make a 
simple substitution for n in terms of x for this equa- 
tion. 


However, it will be shown here that, knowing the 
value of x and the value of A/V at any point, it will 
be possible to calculate n and, from this, to calculate 


dy. 
dn, 
THE FILM Gas Law* 

In the investigation of expanded films at low concen- 
trations, it has been found that the pressure needed to 
compress the film is related to the area of the film in 
much the same way as the pressure is related to the 
volume for a perfect gas. This relationship is expressed 
by 

where II = the film pressure, 
y. = the interfacial tension in the absence of any 
film, 
y: = the reduced interfacial tension with the film 
* present at time f¢, 


II 


a = the area per molecule of the adsorbed film 
and 

k = the Boltzman constant for a three-dimen- 
sional gas. 


This may be rearranged to give 


This equation is valid only at high values of a, i.e., 
at low surface concentrations. 


PROCEDURE 


The film factor equation may be rewritten as 
which represents a series of measurements of the film 
factor, F, ou drops of the same initial size and shape 
but at different drop ages. Since x, is constant, 


xX, x; 


or 
where D.», D,:, etc., are determinable numbers. 


If the interfacial tension of the system is measured 
at each value, x = x, x = x,Dy, etc., then a plot of y 
vs x could be constructed where x, could be considered 
a scaling factor for the x-axis. If, however, a value of 
x were known at any point, the entire curve could be 
converted to a real plot of y vs x. 


From the film pressure equation, it is possible to cal- 
culate a value of x at any given time by measuring the 
interfacial tension at a variety of times and extrapolat- 
ing the y vs ¢ plot thus obtained to t = 0. At t= 0, 
Y = yo. The values of y and x at any time ¢ are y, and 
x,; this must be a point on the y vs x curve. This one 
point is then sufficient information to construct a true 
y, x curve. It should be mentioned that it should be 
chosen early in drop life to insure the validity of the 
film gas law equation. 


Since each x value on the y, x plot corresponds to 
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a value of t, the same data may be used to construct 
an x, t plot, from which dx/dt at any point may be 
calculated. From the assumptions made earlier on the 
film-formation mechanism, it may be seen that at dx/dt 
= 0, x= x., the equilibrium concentration of x. Simi- 


dy 
— 0 


As a relationship has already been established be- 
tween n and x, the value of x, may be used to estab- 
lish a value of n,. This value represents the equilibrium 
value of n for one particular initial concentration c, 
and one particular drop size. It might appear that the 
term dy,/dn, in the Gibbs equation could be evaluated 
by beginning at this point with a new concentration, 
c,’, and again determining the equilibrium values of 
surface concentration and interfacial tension, This 
would not be feasible here because the original value 


‘of c, is unknown. 


It is possible, however, to change the original drop 
size. This would change the area-to-volume ratio such 
that there would be more or less of the original surface- 
active species remaining in the solution at equilibrium, 
thus giving rise to a new value of n.. 

In this manner, sufficient information may be accu- 
mulated to calculate dy./dn, around a particular value 
of n, for a particular x, value. This is then sufficient 
information to solve the Gibbs equation for the original 
concentration, c,. 


CONC EUS 


By the use of several reasonable assumptions, based 
on observation of the film-forming process, and by the 
application of three theoretically sound equations, as 
much information may be calculated about the nature 
of the film-forming constituents in crude oil as might 
be gained by a detailed study of the component after 
separating it from the original oil. These calculations 
may be made solely from data taken from measure- 
ments on the original oil. 


The experimental measurements which must be made 
are (1) the size and shape of a stable pendant drop of 
crude oil in water at various drop ages and (2) the size 
and shape of the drop at the film point for the same 
variety of drop ages. 


Equations which are used in calculations based on 
these measurements are (1) the film factor equation, 
(2) the Gibbs equation and (3) the film gas law. 


Important values which may be calculated are the 
oil-water interfacial tension and its variation with time 
and concentrations, the surface concentration and its 
variation with time, the equilibrium surface concentra- 
tion and the surface concentration at the film point, 
the original concentration of the surface-active com- 
ponent in the crude oil and its concentration at any 
time, and the molecular diameter of the surface-active 
molecules. 
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APPENDIX 


EVALUATION OF THE PENDANT DROP 
AREA AND VOLUME 


The equation for the drop profile has been given by 
various authors” as 
1 sin 
p/b 
where y and z are the horizontal and vertical coordi- 
nates, measured from the point at which the axis of 
symmetry meets the surface, 
p = the radius of curvature in a meridianal section at 
any point g (y,z), 
& = the angle which the normal to the surface makes 
with the axis of revolution, 
b = radius of curvature at origin, 
and where # is given by 


B 
Here, o = the density difference between the two fluids, 
g = the acceleration of gravity and 
y = the interfacial tension between the two fluids. 
In Cartesian coordinates, the equation is 
dz/dy’ dz/dy 
[1 + y/b[1 + (dz/dy)’]* 
The two parameters, @ and 5, in the equation may 
be seen to make the equation applicable to all drop 
shapes and sizes, respectively. Thus, there is no unique 
solution for all drops even if the above equations could 
be integrated specifically. The equations have been in- 
tegrated by a numerical approximation, and tables of 
the drop coordinates at specific values of 6 have been 
prepared where the coordinates, y and z, are left in 
terms of b. 
In practice it has proved much easier to express the 


(12) 


Shape of the drop by the ratio of two easily measured 
quantities, 


d, 


S= 
(14) 
where d, = the maximum or equatorial diameter of 
the drop and 
d, = the selected diameter, i.e., the diameter 
at a distance d, above the origin of the 
drop. 


Moreover, the problem of measuring b may be elim- 
inated by choosing a new function: 


1 
1/H = . 15, 
B(d./b) 
which, when substituted in Eq. 12, gives 
(16) 


H 


It is possible, then, to construct a single table, relating 
1/H to S, from the individual tables of the solution at 
different values of 


The problem in calculating the drop area and volume 
is to obtain the particular drop equation solution which 
is applicable to that drop, while still preserving the con- 
venience of measuring only d, and d,. Since there are 
tables available which relate all the values of 6 to y./b, 
y./b, S and 1/H and since 

the value of b and 8 should be directly measurable from 
the value of S. While it is true that coordinates are 
available only for selected values of 8, these values are 
closely spaced and little error will be introduced by 
linear interpolation between available tables of 6. 

It now becomes possible, with the knowledge of d,, 
d, and the length of the drop from origin to the base 
of the dropper tip, to reproduce the curve of the drop 
profile on a suitable coordinate scale. 

Given the curve of the drop shape as shown in Fig. 
1, it can be shown that the area of the surface formed 
by rotating this curve around the z-axis is given by 


dz 


This, of course, cannot be integrated and it is neces- 
sary to evaluate it graphically using the relation, 


dz 


2-0 
The volume may be calculated by using the expres- 
sion, 


dy/dz 
l 
or the equivalent 
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Introduction of a Pore Geometrical Factor 
Defined by the Capillary Pressure Curve 


J. H. M. THOMEER 
JUNIOR MEMBER AIME 


ABSTRACT 


A method is presented that provides a mathematical 
description of capillary pressure curves and, probably, 
of differences in pore geometry of samples. The tech- 
nique is based on the observation that the location and 
shape of a capillary pressure curve reflect characteristics 
of the pore structure of the sample. 


INTRODUCTION 


It has been noted** that the observed differences in 
shape and location of capillary pressure curves reflect 
some basic properties regarding the pore geometry of 
the samples. For example, according to basic concepts 
of capillarity, the following statements can be made 
regarding the location and shape of a capillary pressure 
curve.* 


The location of the curve with respect to the (V,) >, 
and P, axes is a measure of the interconnected pore 
volume and of the cross-sectional area of the pore first 
entered by mercury, respectively. 


The shape of the curve depends on the interconnec- 
tion of the pores and the sorting of the pore sizes. 


It has been the object of this study to use this infor- 
mation as a starting point in an attempt to find a unique 
mathematical description of the P. — (V,)>», relations 
of different samples. It may be expected that parameters 
in such a relation can then be used to describe differ- 
ences in pore geometry of these samples. For a practical 
description of the P. — (V,)», relation, however, it 
appears desirable to describe each curve (ie., each 
sample) by a limited number of parameters so that the 
curves taken from all samples form a family, each 
member of which is uniquely determined by one single 
combination of values of all parameters. 


A RELATION BETWEEN MERCURY/AIR 
CAPILLARY PRESSURE AND FRACTIONAL 
BULK VOLUME OCCUPIED BY MERCURY 


When the measured values of P, and (V;)p, of a 
sample are plotted on log-log paper, it appears that a 
smooth curve best fitting the points approximates a 


Original manuscript received in Society of Petroleum Engineers 
office July 9, 1959. Revised manuscript received Feb. 10, 1960. 
Paper presented at 34th Annual Fall Meeting of SPE, Oct. 4-7, 1959, 
in Dallas. 

1References given at end of paper. 

*The surface tension of mercury and the mercury/air/solid contact 
angle were assumed constants for the purpose of this report.® 
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hyperbola. Assuming that deviations from a smooth 
curve are not of interest for the purpose of this study 
and that these smooth curves represent true hyperbolas, 
then the relation between P. and (V,)p, can be ex- 
pressed mathematically as follows. 
(log P, — log P,) [(log (V,) — log 
where the numerical value of C’ defines the shape of the 
curve under consideration. 
This expression can be written as 
To simplify calculations using this equation and avail- 


able mathematical tabulations, this expression has been 
modified to 


(Vs)e,, 


where 


(V,)», = fractional bulk volume occupied by 
mercury at pressure P,, 

(V.),, = fractional bulk volume occupied at 
infinite pressure or total intercon- 
nected pore volume, 


P, = mercury/air capillary pressure, psia 

P, = mercury/air extrapolated displace- 
ment pressure, psia, and 

G = pore geometrical factor. 


The location and shape of a capillary pressure curve 
can be defined by the parameters of this expression— 
total interconnected pore volume, extrapolated displace- 
ment pressure and pore geometrical factor. This is 
illustrated in Fig. 1. 


The location of a curve with respect to the P, and 
(V.)», axes is defined by the position of its two asymp- 
totes. At infinite pressure the capillary pressure curve 
touches the vertical asymptote, which indicates the bulk 
volume occupied at infinite pressure, or “total inter- 
connected pore volume”, When the fractional bulk 
volume occupied by mercury is zero, the curve touches 
the horizontal asymptote, which indicates the “extra- 
polated displacement pressure”’. 

The shape of a curve is defined by the parameter G, 
called “pore geometrical factor”, because of the rela- 
tion of the shape of the curve to the sorting and inter- 
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connection of the pores of the sample. It should be 
realized that the location of an infinite number of curves 
is defined by the same asymptotes, However, these 
curves differ in shape, each curve being defined by a 
Specific value of G. Thus, the description of a curve 
is unique when, in addition to the position of its asymp- 
totes, its shape is defined. 


DETERMINATION OF THE NUMERICAL 
VALUES OF THE PARAMETERS 


Methods have been developed to obtain the numer- 
ical values of the parameters from the measurements 
of P, and (V,)», on samples. Graphical and computa- 
tional approaches are used and are discussed as follows. 


A GRAPHICAL METHOD 


Assuming arbitrary values for the location of the 
asymptotes, a family of capillary pressure curves can 
be computed from Eq. 3. All members of this family 
have the same total interconnected pore volume and 
extrapolated displacement pressure but differ in shape 
(pore geometrical factor). Forty-two members of a 
family of capillary pressure curves were computed in 
this way on an electronic computer. They are repre- 
sented graphically at 1% scale in Fig. 2. This family of 
computed curves can be used to determine the para- 
meters of an arbitrarily located curve because a change 
in the values of P; and/or (V,)», means only transla- 
tion of the asymptotes and the family of curves. In 
other words, translation changes only the location of 

-the asymptotes and the curves with respect to the pres- 
sure and bulk volume axes and not the shape of the 
individual curves. This is illustrated in Fig. 3, 


Assume a capillary pressure curve described by the 
parameters P,, (V,)»,, and G, in location A. When this 
capillary pressure curve is translated to location B, its 


location will be defined by the new location of its 
asymptotes, P,’ and (V,’)p, , but by the same value of 


G because its shape does not change. 
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Procedure: 


1. Plot the measured pressure data (pounds per 
square inch) vs the bulk volume data (fractional bulk 
volume occupied by mercury) on 2- X 3-cycle log-log 
paper.* It has proved convenient to plot the bulk 
volume data along the 2-cycle axis, the pressure data 
along the 3-cycle axis. 


2. Match the plotted points with one of the curves 
in Fig. 2 (copied or replotted to full scale, preferably 
on transparent paper) by moving the coordinate axes 
parallel to the asymptotes in Fig. 2. 


*The full-scale plot of Fig. 2 was made on K&E 359-112. 
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3. Read the values defining the location of the 
asymptotes—P, and (V,)p,, —and the value of G from 


the matching curve in Fig. 2. 
The values obtained for Pi, (V,)», and G are the 


parameters of the considered capillary pressure curve. 
An example is shown in Fig, 4. 


COMPUTATIONAL METHODS 


Two computational methods for determining the 
numerical values of the parameters of Eq. 3 from the 
measurements of P, and (V,)», have been developed. 
Both methods use an electronic computer for the cal- 
culations, and the data used should, of course, be cor- 
rected for closure effects. 


One of the computational methods uses an approach 
which is essentially a mathematical version of the pre- 
ceding graphical method. First, from the curves com- 
puted with Eq. 3 a group is selected whose shapes 
approach the shape of the “curve” defined by straight 
line segments between consecutive measured points. 
Then, the computed curve of this group which best fits 
the measured data is determined by a variation of the 
least-squares method. Once this curve has been defined, 
its parameters are known. 


The calculations for this method are relatively slow. 
For example, the numerical values of the parameters 
for approximately 180 samples were calculated on an 
IBM 650 computer in about 95 hours. The time re- 
quired for the calculation of the parameters of one 
sample varied between three minutes and two hours. 


An approximate, but relatively rapid, second compu- 
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tational method was derived by differentiating both 
sides of Eg. 1 with respect to P,. When P, is elim- 
inated by combination of this differential equation with 
Eq. 1, the linear equation, 


Pe 
log (Vi) cy (Ys): 


(Vs), 
‘ 
= . . . 5 


results. This equation can be solved rapidly by least- 
squares fit on an electronic computer to determine 
values for (V,)p, and C. An approximation for 


d(V,)r,/dP. must be made by using finite differences 
between the successive measured values of P, and 
(V.)»,- Finally, substitutions of the quantities (V,)»_ 


and C in Eq. 1 lead to a value of the parameter P,. 


Results thus far obtained by this method are promis- 
ing, one advantage being its speed (approximately two 
minutes computer time per curve). 


COMPARISON OF NUMERICAL VALUES 
OF THE PARAMETERS 


A statistical comparison was made of the numerical 
values of the parameters determined by the graphical 
method and those determined by the computational 
method based on a mathematical version of the graph- 
ical method. This comparison showed that the difference 
of the criteria between the two methods for adjusting 
the curves to the measured data affects only slightly the 
numerical value of the parameters. However, the 
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physical significance of these differences has not yet 
been conclusively determined. The choice of the method 
most suitable for practical routine determination of the 
parameters will only be possible when more is known 
about the correlation of these parameters with actual 
rock properties. 


CHARACTERISTICS OF DOUBLE CURVES 


Some capillary pressure curves show two plateaus at 
different pressures. These so-called “double curves” 
may be expected when capillary pressure curves are 
run, for example, on vuggy limestone samples or 
samples composed of sand-silt laminations. 


Double curves can be described with the proposed 


methods by treating them as a combination of two or _ 


more single curves. However, a unique description of 
the curve at higher pressure is sometimes unobtainable 
because bulk volume-pressure data are not available 
above 1,000 to 1,500 psia (present maximum pressure 
for routine measurements). 


Double curves are not without utility, however, when 
only the parameters of the lower-pressure curve can be 
determined. Physical rock properties depending pri- 
marily on the relatively larger pores of a sample are 
expected to be related to the parameters of the lower- 
pressure curve. For example, the contribution to per- 
meability by the relatively finer pores is often negligible 
compared to that by the relatively larger pores. An 
example of a double curve is shown in Fig, 5. 


INALIDITY OF EQ. 3: AND PHYSICAL 
SIGNIFICANCE OF THE PARAMETERS 


To determine the validity of Eq. 3 the magnitude 
of the deviations of measured P, and (V,)p, data from 
curves computed with Eq. 3 should be investigated. If 
this investigation shows that Eq. 3 describes capillary 
pressure curves with reasonable accuracy, it is probable 
that its parameters will reflect differences in pore 
geometry. The ultimate proof of the validity of Eq. 3, 
however, will be the applicability of its parameters to 
their ultimate purpose, .i.e., whether significant results 
are obtained when the parameters are related to physical 
rock properties. 


To check the accuracy with which Eq. 3 describes 
capillary pressure curves, the curves best fitting meas- 
ured P, and (V,)>, data of samples and the deviations 
of the measured data from these computed curves were 
calculated. A statistical analysis of the results from 
these computations showed that deviations of measured 
data from computed curves occur primarily in the steep 
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slope sections of the curves and that the values of the 
parameters are affected only slightly by lack of fit 
between the measured data and the computed curves. 
From a comparison of the actual data points with the 
calculated curves, it appears that the parameters describe 
the capillary pressure curve with good accuracy. A 
further investigation to determine the applicability of 
the parameters of Eq. 3 seems justified. 


The evaluation of the physical significance of the 
parameters was initiated by investigating their relation 
to air permeability. Using the concepts developed by 
Purcell,’ air permeability was plotted on log-log paper 
against the ratio of total interconnected pore volume 
to the extrapolated displacement pressure. These plots 
were made for groups of samples having the same 
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value of the pore geometrical factor; those for G values 
equal to 0.1 and 0.3 are presented on Figs. 6 and 7, 
respectively. 


A study of these plots showed that unique relation- 
ships exist between air permeability and the parameters. 
Of specific interest is the fact that the pore geometrical 
factor is a necessary part of these relations in order to 
account for differences in pore geometry of samples. 
Results thus far obtained, based on_a total of 144 
samples, indicate the influence of the pore geometrical 
factor on the relationships as indicated on Fig. 8. 


SUMMARY AND CONCLUSIONS 


1. A mathematical expression relating P, and (V,)>, 
has been presented. Its parameters—pore geometrical 
factor, extrapolated displacement pressure and total 
interconnected pore volume—enable a unique descrip- 
tion of capillary pressure curves. 


2. Deviations of measured capillary data from curves 
computed with this expression occur, primarily, in 
the steep slope section of these curves. These deviations 
affect only slightly the numerical values of the para- 
meters and result primarily in a less accurate value for 
the total interconnected pore volume. 


3. Whether or not the parameters are indicative of 
the differences in pore geometries of samples has not 
been fully determined, From experience to date, it is 
believed that the appropriate use of these parameters 
offers promise for the evaluation of some petrophysical 
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rock characteristics. Further evaluation of the physical 
significance of the parameters is recommended. 


4, A graphical method is presented and computa- 
tional methods are discussed for determining the numer- 
ical values of the parameters from the measured P, and 
(V,)p, data. 
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INTRODUCTION 


Production equal to or greater than open-hole com- 
pletions is possible through perforated completions if 
the flow paths throughout the perforations are free of 
obstructions.’ Previous investigations have indicated 
that, in some cases, maximum productivity is not ob- 
tained due to plugging of the perforations with debris 
from the wellbore fluid and/or debris from the perfor- 
ating process.”* Control of wellbore fluid and proper 
well completion techniques are very important in the 
elimination of perforation plugging.* Selection of prop- 
~ erly designed perforating equipment also is quite impor- 
tant for maximum well productivity. 

Studies made with the use of the perforation flow 
laboratory, in which perforating tests are run under 
simulated well conditions, have shown that perforation 
plugging occasionally occurs. Plugs in perforations re- 
sult from various causes. One of the contributors to 
plugging that can be controlled by the perforating de- 
vice is the slug or carrot resulting from jet perforating. 
This condition has undergone extensive study, and pre- 


vious developments have resulted in a decrease in car-— 


rot size—but not in complete elimination. It was felt 
that, if a method of completely eliminating the carrot 
could be found (with charge performance equal or bet- 
ter than previously obtained), a significant contribution 
would have been made. Such a charge has been de- 
veloped and is reviewed in this paper. 


THEORETICAL CONSIDERATIONS OF 
CARROT ELIMINATION 


There are several popular theories of how a shaped 
charge jet is formed.*° One of these is the hydrodynamic 
theory, wherein the liner is treated as a fluid under the 
impact of the explosive forces. Another is the spalling 
theory, where the interaction of shock waves in the 
liner causes small particles to be torn from the inner 
surface of the liner and projected at high velocity to- 
ward a common focal line to form the jet. It is not un- 
reasonable to assume that both of these theories may 


Original manuscript received in Society of Petroleum Engineers 
office Oct. 4, 1959. Revised manuscript received March 18, 1960. 
Paper presented at 34th Annual Fall Meeting of SPE, Oct. 4-7, 
1960, in Dallas. 

IReferences given at end of paper. 


JET RESEARCH CENTER, INC. 
ARLINGTON, TEX. 


be partially correct. For purposes of our discussion, it 
is Simpler to use the second theory. 


Generally speaking, when a plate of metal is attacked 
by an explosive shock pulse, the pulse is transmitted 
through the metal at high velocity, as shown in Fig. 
1(A). Pressures at the shock front may be 6 X 10° psi 
or higher. This shock wave (a compression wave) upon 
striking a free surface, Fig. 1(B), is partially reflected 
back as a tension wave. The interaction of the tension 
wave with the decaying compression wave causes a 
stress concentration in the metal; when this stress be- 
comes great enough, a failure occurs and a small par- 
ticle flies off and is projected away from the metal sur- 
face, as shown in Fig. 1(C). A new free surface is 


_ then presented to the shocks; the process repeats itself 


until there is no longer enough energy to cause failure, 
leaving a portion of the metal relatively untouched. See 
Fig 

To apply this theory to a perforating shaped charge, 
consider the flat plate to be folded into a somewhat con- 
ical shape, with a column of explosive placed in inti- 
mate contact with the cone (Fig. 2). An explosive 
initiator detonates the charge, creating a shock wave 
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which attacks the liner. The spalling of small particles 
takes place from the inner surface of the liner, and 
these particles are projected toward a common focal 
line through the apex. The particles unite along this 
line to form the jet stream with its highly effective 
penetrating power. 

Many characteristics enter into the choice of ma- 
terial used to form the cone or “liner” for a shaped 
charge. The best compromise of these characteristics 
has shown copper to be the ideal material to use in 
lining shaped charges used as perforators. However, 
copper has one of the highest explosive failure strengths 
of any common metal, being on the order of 400,000 
psi.’ This means that only a minimum number of par- 
ticles can be spalled from one spot on a copper liner 
before the shock strength becomes too low to cause 
failure. An outer shell of copper is left (Fig. 3), which 
then is collapsed by the residual pressure of the explo- 
sion (which may still be several hundred thousand 
pounds per square inch). The collapsed outer shell is 
then projected outward as the carrot at a much slower 
velocity. This carrot can be seen in the aft portion of 
the jet shown in Fig. 4, which is a flash X-ray of a jet 
stream from a conventional-type charge. 

Suppose, then, that the copper was preformed into 
particles which were bonded together rather loosely. 
This would allow the energy of the shock to be more 
efficiently used. Referring to Fig. 5, the shock would 
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travel through the mass of particles until a free surtacé 
was reached; then, a tension wave would be reflected, 
as shown in Fig. 5(A and B). Instead of the explosive 
failure-strength governing the spalling as before, only 
the strength of the bond between particles would limit 
failure. This bond would easily break and allow the 
sized particles to fly off. See Fig. 5(C). By not using a 
large portion of the energy to tear apart the metal, 
more energy would be available to impart velocity to 
the particles. Higher velocity particles would mean more 
penetration from the jet. The progressive spalling of 
these preshaped particles would result in a long, fairly 
large jet stream, considered to be necessary to yield a 
deeply penetrating charge with good hole size. 

As the shock energy would attenuate in strength in a 
liner formed of such loosely bonded particles, the point 
of failure strength would be passed (as in a solid cop- 
per liner) and an outer shell of material would be left. 
However, the residual pressure of several thousand 
pounds per square inch from the explosion would be 
more than ample to break each of the bonds between 
these particles. See Fig. 5(D). Inasmuch as this also 
is a progressive process, these particles are added to the 
jet stream at the rear as a slower velocity element to aid 
in scouring out the perforation made by the high 
velocity portion of the jet. Since there is no material 
left in the liner, no carrot can be formed. A flash X-ray 
of a jet of this type is shown in Fig. 6. Comparing this 
to Fig. 4, it readily can be seen that no carrot exists. 
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A liner formed of preformed particles bonded to- 
gether in a loose manner would yield a jet which ac- 
tually would aid in penetration and leave no carrot to 
plug a perforation. A photomicrograph of the particles 
used to form such a liner is shown in Fig. 7. After 
bonding, the liner has the appearance shown in Fig. 8. 
Both photomicrographs were taken at approximately 
50 X magnification. 


The control of the particles in this liner has become 
very important in the design of the liner. It was found 
that a spherical particle yielded closer control of the 
particle bond strength and of the density variations in 
the liner. Both were very necessary to the formation of 
a well-formed symmetrical jet. The particle size was 
also quite important. Too large particles failed inter- 
nally, aS a solid does, and used up shock energy. Too 
small particles allowed the bond strength to rise to an 
unacceptable degree. 


LEST RESULTS 


A charge using this concept has been designed for 
the 4-in. OD hollow carrier (normally used to per- 
forate 51%2-in. casing) and has been tested thoroughly 
in the perforation flow laboratory under simulated well 
conditions. This new charge also has been tested suc- 
cessfully in the field under a wide variety of actual well 
conditions. These tests proved that a carrot-free jet was 
created which left nothing to impede production flow. 

Test data are presented in Table 1 showing average 
performance compared to the performance of a conven- 
tional 4-in. carrier charge. 

Photographs of typical Berea sandstone targets, per- 
forated with the new charge and with a conventional 
4-in. shaped charge and flow tested under simulated 
well conditions, are shown in Figs. 9 and 10. 


SUMMARY 


A new jet perforating charge has been developed 
which does not leave a carrot in the process of jet for- 
mation, but which does produce a deep, large-volume 


TABLE 1—AVERAGE PERFORMANCE IN BEREA TARGET AT 1/2 IN. 


CLEARANCE 
Core 
Surface 
Entrance Hole Penetration (in-) Well Flow Open to 
Type Charge Diameter (in.) Clean Total Index Flow (in.?) 
New Design Charge 0.56 8.32 8.58 1.48 19.0 
4-in. Conventional Charge 0.40 5.16 7.64 0.98 6.0 


Fic. 8—PHOTOMICROGRAPH AFTER PARTICLES HAvE BEEN Com- 
PACTED TO Form LINER. 
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Fic. 1O—PERFORATION IN STANDARD BEREA SANDSTONE TARCET 
Mave BY CONVENTIONAL-TYPE CHARGE. 


perforation with no obstruction to flow. While perform- 
ance results shown in this paper were based on the 
charge designed to be used in 4-in. OD carriers, charges 
of other sizes using the same principles are in the pro- 
cess of development. 
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ABSTRACT 


In the combination induction-electrical log used at 
present in the field, the induction logging tool is ap- 
propriate for the investigation of moderately invaded 
formations. A new induction sonde with a radius and 
investigation about twice as large has been developed 
recently for the case of deep invasion. It has very nearly 
the same vertical resolution as the present sonde so that 
thin beds are defined as accurately as before. The char- 
acteristics of the new tool are described, the correspond- 
ing interpretation charts are given and field examples 
are discussed. 


The design of the sonic logging tool has been modi- 
fied to improve the calibration and the reliability. The 
fact that porosity can be accurately recorded by means 
of the sonic log has prompted new interpretation 
procedures for saturation estimation, wherein the data 
concerning the various permeable beds in a given well 
are correlated. 


One approach consists of plotting transit time vs true 
resistivity, with an appropriate scale. With this approach, 
saturations can be estimated conveniently even in cases 
where formation water resistivity is not well known. 


In another approach, a comparison is made of the 
values of the formation waters computed from the re- 
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sistivity and sonic logs. Using the concept of contin- 
uity, this procedure makes possible a quick determina- 
tion of zones of saturation in shaly sands and/or in case 
of appreciable variations of formation salinities with 
depth. 


It has been found that the comparison of porosity 
from the sonic log with the apparent porosity computed 
from a short-investigation resistivity log may reveal, in 
many cases, the presence of residual oil and thus detect 
potentially productive formations; this procedure is val- 
uable when the true formation resistivity and the re- 
sistivity of the formation water are in doubt. 


INTRODUCTION 


During the past year, the efficiency of log interpre- 
tation has been vastly improved. The improvements 
have largely resulted from the introduction of a deep- 
investigation induction device and from the application 
of new interpretation techniques that utilize sonic vs 
resistivity readings. Since the new interpretation tech- 
niques depend, in part, upon good values of true for- 
mation resistivity, the new induction log will be dis- 
cussed under Part I. The sonic interpretation techniques 
will be studied under Part II. 


PART I — THE DEEP-INVESTIGATION INDUCTION LOG 


Early in 1959, the 6FF40 induction equipment was 
introduced in the field. This device was designed for a 
better approach to true formation resistivities in deeply 
invaded zones. The greatly improved radial investigation 
of the 6FF40 equipment has been achieved without sac- 
rificing vertical resolution. 

The first combination induction-electrical log, the 
SFF40, was introduced as a standard tool in 1956 for 
the logging of wells drilled with fresh muds. The tool 
has received wide industry acceptance in the United 
States. The 5FF40 induction log has a radial investiga- 
tion sufficient to overcome average depths of mud fil- 
trate invasion. At Sd invasion, for example, the 5FF40 
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induction log will read about 1.4 R, in a water sand 
where R,, = 10R,. At 10d invasion, such induction log 
would read 2.45 R, in the same water sand. In either 
case, the effects of invasion would not be sufficiently 
great to cause a water sand to be mistaken for a shale- 
free oil- or gas-producing zone. 


Some formations, however, invade deeply —- in ex- 
cess of 10d. Such water zones could be mistaken for oil- 
or gas-Saturated sands unless the porosity balance’ can 
clearly make the distinction. It is for these deeply in- 
vaded formations that the 6FF40 was developed. 


CHARACTERISTICS OF THE 6FF40 


RADIAL INVESTIGATION CHARACTERISTICS 
To describe the comparative responses of the 5FF40 
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and 6FF40 devices, their radial investigation characteris- 
tics must first be considered. 


The radial investigation characteristic is illustrated by 
plotting the computed geometrical factor of the medium 
within a cylinder coaxial with the hole vs the diameter 
of the cylinder. Such a plot is called the “integrated 
radial geometrical factor” of the instrument. 


Fig. 1 shows the plot of the radial geometrical factor 
for the standard induction sonde (SFF40) and for the 
deep-investigation sonde (6FF40). 


This figure clearly shows the investigation of the two 
tools. As an example, 50 per cent of the SFF4O signal 
comes from beyond a diameter of 60 in. The same per- 
centage of the 6FF40 signal comes from beyond a di- 
ameter of 128 in. 


The two following cases will be considered to better 


illustrate the advantage of the new deep-investigation 
sonde; skin-effect correction will be neglected for the 
sake of simplicity. 


CASE 1 


For D,; = 10d or D; = 80 in.: R,, = 10 Rn; R: = 


RAR» RJR. For the SFF40 
1 .66 34 

ROR. 7100 oR, the GF 


1 28% R, 

i or 1.34. 

This shows that for 10d invasion the new sonde reads 
within 35 per cent of the true resistivity with a contrast 
of 10 between the invaded zone and the virgin forma- 
tion. 


CASE 2 
For D,; = 20d or D; = 160 in.: 10, and 
Rn Rn 
1 87 13 R, 
eS = 4.6; 
For the 5FF40, 10 i or 
1 R, 


for the 6FF40, = 2.08. 


Thus, in a very deeply invaded formation and with 
a large resistivity contrast between the invaded zone 
and the virgin formation, the deep-investigation sonde 
reads one-half the resistivity given by the standard in- 
duction sonde. A water sand cannot be easily taken as 
an oil or gas sand with such a tool unless the invasion 
is much greater than 20d. 
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This effect has been investigated on a full-scale labora- 
tory model. Non-conductive vertical pipes were filled 
with water to simulate the borehole. Since the pipes 
were surrounded by air, the borehole signals were meas- 
ured under the conditions of an infinitely resistive for- 
mation. 

In Fig. 2, two curves show the results of these meas- 
urements for the 6FF40 — (1) the dashed curve cor- 
responds to the case in which the sonde lies against the 
hole wall and (2) the solid curve shows the case in 
which the tool is kept 114 in. from the wall of the hole. 
A dash-dot curve also shows, for comparison, the geo- 
metrical factor of the SFF40 sonde, kept 1% in. from 
the bore wall. It is apparent that the hole effect for the 
6FF40 is less than that for the 5FF40 when the 114-in. 
stand-offs are used. 


VERTICAL RESOLUTION 


The vertical resolution of an induction sonde (Fig. 3) 
is illustrated by plotting the computed effective geo- 
metrical factors vs thickness of the bed, the sonde be- 
ing located at the center of the bed. The plots of Fig. 
3 are termed “effective vertical geometrical factors” be- 
cause they include the effect of the shoulder formations 
on the geometrical factors of the beds. 


Curves are shown in Fig. 3 for the standard 5FF40 
(dashed curves) and for the deep-investigation 6FF40 
(solid curves) for two shoulder resistivities — 1 and 
4 ohm-m. It is clear that the two sondes have very simi- 
lar vertical characteristics and, except in cases of ex- 
treme resistivity contrast, should produce logs of com- 
parable bed resolution. 


THEORETICAL DEPARTURE CURVES 


Like the standard induction, the deep-investigation 
tool is to be run with the short normal in fresh muds. 
Departure curves have been built for this combination. 
These curves were determined with the following as- 
sumptions. 
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1. The formations are so thick that the induction log 
and the 16-in. normal readings are not affected by ad- 
jacent formations. 

2. The annulus does not exist, or has a negligible ef- 
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fect. On this point, many studies have been made and 
will be reported elsewhere. 

3. The invaded zone is a homogeneous medium of re- 
sistivity R; and diameter D,. 

4. The hole diameter is equal to 8 in. 

Fig. 4 was calculated in a manner similar to the the- 
oretical chart of the SFF40.’ For greater practicability, 
the ordinate is now Ry./Ri-. Such value should cut the 
curves R,,/R, in two points (except for invasion of 7d 
to 8d), one point corresponding to deep invasion and 
the other to shallow invasion. It is easy to determine 
R,,/R; in a water sand since this ratio is equal to Rn,/ 
R,,. The intersections define R,,/Ris. in abscissa, Divid- 
ing the values of such abscissas into R,./R, determines 
and, thus, R,. 


All the discussion published for the theoretical chart 
of the 5FF40 applies to Fig. 4. Further studies of the 
form of the invasion front and of the annulus may re- 
quire modification of this chart. 
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PRACTICAL INTERPRETATION CHART 
AND APPLICATION 


As was done for the SFF40, a practical interpretation 
chart was made for the combined short normal, 6FF40 
and SP curve, All the discussion made for the practical 
interpretation of the SFF40 in Ref. 2 applies to Fig. 5. 
Further studies of the form of the invasion front and 
of the annulus may require modification of this chart. 


FIELD EXAMPLES 


Fig. 6 illustrates a comparison between the 5FF40 
and the 6FF40 in a water-bearing formation in East 
Texas. This deeply invaded formation was first surveyed 
with the SFF40, and two weeks later with the 6FF40. 
The invasion in most places is deeper than 20d, and in 
those intervals the 6FF40 shows less than one-half the 
value read by the SFF40. For comparison, a lateral 
curve of 24-ft spacing is also shown; its values are simi- 
lar to those of the 6FF40 in many intervals. 


PART Il — NEW DEVELOPMENTS IN SONIC LOGGING 


A large number of sonic logs are now being made ev- 
ery month. They have, to a great extent, become the 
standards for porosity logs. 


Better tools are being placed in service in order to 
improve the reliability of the measurements and to de- 
crease maintenance. In particular, emphasis is being put 
on good calibration; and steps are being taken to make 
this foolproof. 


Rudiments of sonic log interpretation have been pub- 
lished and are well known. With greater experience, 
better understanding and interpretation are available. In 
particular, three techniques that experience has proved 
to be of wide application and acceptance will be shown. 


-These three techniques permit the use of the sonic 
log in a more universal fashion. Their headings indi- 
cate their use. 


SONIC VS RESISTIVITY IN HARD AND 
COMPACTED FORMATIONS 


A simple chart, previously published,”* presents a gra- 
phical solution of porosity and saturation from sonic 
and resistivity logs. The key of this chart is the unusual 
ordinate scale which permits the use of straight lines 
for the saturation positions. 


A. T. Hingle of the Mobil Oil Co. used this chart in 


a different way. Using the grid as given, the resistivity 
was plotted in ordinate instead of R,/R,. The abscissa 
(At) remained as before, but no attempt was made to 
choose the matrix velocity. This presentation, together 
with further refinements, will be the subject of this 
study. (As an example of the grid, see Fig. 8.) 

To investigate the use of the method, the wells drilled 
with salt muds (low R,,,/R.) and those drilled with 
fresh muds (high R,,;/R.,) will be considered separately. 


In SaLT Mups 


PLOTTING THE POINTS 

A good value of resistivity (preferably R,) is plotted 
in ordinate. According to conditions, a multiple of R, 
(such as R,, 2 R;, 10 Rz, etc.) is plotted to accommo- 
date the scale already marked on the grid. 

The value of At is plotted in abscissa. Usually the left 
origin is 40 microseconds for hard formations but may 
be greater in softer formations; each interval on the ab- 
scissa is equal to 3, 5 or 10 microseconds, according to 
conditions. 

A shotgun pattern usually exists if a large number of 
points is plotted. 


DETERMINING R, AND V , 


A line can be drawn through the points found to the 
left of the pattern (the most northwestern points if the 
heading points north). Such a line is presumed to be 
R, if the true resistivity has been used to plot the points. 
The line can be extended to ordinate oo, and the inter- 
section will determine the At of the matrix (porosity 
Zero). 

In an ideal situation, prior knowledge of the matrix 
velocity is unnecessary because it is determined in this 
fashion. When control from plotted points is not suffi- 
cient to establish an R, line easily, the matrix velocity 
can be chosen on the basis of experience. Such difficulty 
might be encountered where porosity values are too uni- 
form to supply a well-defined line. Difficulty would also 
be encountered if R, were not obtainable from the log; 
even then, however, a matrix velocity can be found in 


‘many cases. This latter case could be caused by the 


presence of hydrocarbons throughout the zone under 
study or deep invasion of fresh filtrate into the water 
sands, making it impossible to read close to R, on any 
log. 

In compacted formations, extensive experience indi- 
cates that V,, for limestone should be between 21,000 
and 23,000 ft/sec; in sandstones, V,, should be about 
18,000 ft/sec. If (because of the lack of R, control 
points) the plotted values differ greatly from these 
values, it is advisable to use an experience-dictated V,,, 
vs infinite resistivity as a control point. 


POROSITY AND FORMATION FACTOR 
Having At, (or V,,), it is easy to obtain the porosity 
according to the time-average formula. This porosity 
scale can be put on the line marked ¢. The formation 
factor can be written on the line below. The charts of 
Figs. 8 and 10 are made for m = 2, and the 4, F rela- 
tion is F = 1/¢°. The same chart will suffice for any 
formation if the relation F = 0.81/¢” is used. 


DETERMINING THE LINE OF COMPLETE INVASION 

Knowing F and R,,,, it is easy to draw a line showing 
complete invasion. For a formation factor of 100, as 
an example, the complete invasion line must pass 
through a point of ordinate, 100 R,,,;. In salty mud 
such a line is not far from the line R,, but in fresh mud 
the complete invasion line will be quite a distance be- 
low. 


DETERMINING R,, 


If certain that the “northwestern line” is indeed R,, 
R, can be obtained simply by dividing the F abscissa 


into the ordinate of any point on the R, line. It has 
been found that a plot of points coming from a hydro- 
carbon-saturated section does not give the R, line be- 
cause the most northwestern points still contain some 
hydrocarbons. Nevertheless, this line (as a rule) should 
correspond to a water saturation of 70 per cent or more 
(equal to 2 R,). 


DETERMINING SATURATION LINES 


Once the R, is obtained, it is easy to trace any other 
saturation line, As an example, the line for S, = 50 
per cent will have ordinate values four times greater 
than the R, line. 


IN FresH Mups 


In fresh muds the problem is more complicated be- 
cause with deep invasion the R, device may measure 
R, rather than R,. With a large R,,/R,, a point would 
fall well below the R, line in such a case. To recognize 
this possibility, the steps taken for salt muds are aug- 
mented by a plot of R; vs At. 


R; can be obtained from a short normal, a limestone 
curve, a Laterolog 8 or a Proximity log. However, it 
should be remembered that obtaining the value of R; 
from the short normal can be very dangerous when 
resistive shoulders are near the section under study. A 
Proximity log or a Laterolog 8 is preferred. In water 
sands when normal invasion occurs, the value of R; 
should be less than the product F R,, because some 
formation water remains in the invaded zone. For sim- 
plification, the value of R; is said to equal F R,, R, be- 
ing the resistivity of the mixture of filtrate and forma- 
tion water. This concept has been explained* where the 
value of z, the proportion of formation water to the 
total water, has been found to be between 5 and 10 per 
cent for normal invasion. The plot of R; in water sands 
will fall near an F R, line when normal invasion oc- 
curs; if completely invaded, the values will plot near a 
F R,, line. The F R, line is determined in the manner 
previously described for F R,,,. In the event that inva- 
sion is Shallow, the plot will fall above the F R, line; 
and, with no invasion at all, such points would deter- 
mine the line F R,,, or R,. Very shaly water sands will 
fall below the R, line because their At is too large, and 
they will be found between the R, and 2 R, lines. 


Sands saturated with hydrocarbons are readily recog- 
nized when they lead to an R, plot clearly below the 
F R,,,; line. When both the R, and R; plots fall above 
the F R,,, line, however, no such sweeping assumption 
can be made. To differentiate between petroliferous 
sands and deeply invaded water sands, the R; must be 
compared with F R,. It now appears that R; of a satu- 
rated sand should be at least twice that of the water 
sands falling on the F R, line. This rule can be used 
only when the contrast between R,,, and R,, is not too 
large. It is possible for the value of z to be higher in 
oil sands than in water sands, and this may preclude 
seeing the residual oil clearly when the R,,,/R,, ratio is 
large. 


REMARKS 


DIFFERENTIATION OF LITHOLOGY 


This plotting has the advantage of showing varia- 
tions in lithology. As an example, limestone points will 
usually fall to the left of the sandstone points. Anhy- 
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drite and salt also are differentiated clearly because of 
their high resistivity and characteristic At. 


ADVANTAGES OF THE PLOTTING METHOD 

1. A value for the matrix velocity does not have 
to be assumed in many cases, but may be determined 
from the plot. A porosity scale based on this velocity 
may be more reliable than one based on an assumed 
matrix velocity. 

2. The values for full invasion can be easily obtained 
from the line for F Ryn;. 

3. The formation water resistivity can often be com- 
puted from the graph. 

4. This method gives a visual picture of the petroli- 
ferous sections. 


5. A minimum of calculation is required. 

6. The analyst is forced to look at all the zones, and 
this decreases the chances of passing an interesting sec- 
tion. 

7. This method is well adapted for salt-mud logging. 


LIMITATIONS OF THE PLOTTING METHOD 

1. It requires a relatively large range of porosities for 
good plotting. 

2. Invasion can be troublesome if not detected prop- 
erly. 

3. Shaly formations and unconsolidated sands do not 
lend themselves readily to this method. 

4. R., Vm» and D, should be fairly constant for the 
points plotted. 


EXAMPLES 


Fig. 7 illustrates a limestone section in Kansas sur- 
veyed with salt mud. 

Fig. 8 shows the plot of At vs resistivity for the sec- 
tion given in Fig. 7. 

The R, line is defined by the values given at the level 
of Points 1, 4 and 6. This line yields a value of 0.036 
for R, and a V,, of 20,500 ft/sec. Points 7, 8 and 9 
fall below the line representing 4 R, values. These three 
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points represent the pay sections in the well. Points 10 
and 11 also carry oil, but have not been tested. 

The perforations marked on the log at the level of 
Points 7, 8 and 9 yielded, on pump, 130 BOPD with 
11 BWPD. 

Figs. 9 and 10 illustrate the logs and the plots of a 
well surveyed in fresh mud in the Strawn section, Tay- 
lor County, Tex. A deep-investigation induction log was 
run in this well. The sections showing mud cake on 
the Microlog are shown in the depth column. 

The induction values of Points 2, 5, 7 and 8 permit 
a good definition of the R, line. Such line yields a value 
of .052 for R., which checks well with the value ob- 
tained from the SP curve (around 0.06). The velocity 
of the matrix given by the R, line is 21,000 ft/sec. 
Lines of F R,,, and F R, were calculated and put on 
the plot. 

Only Point 10 shows an induction value greater than 
4 R.,. It is interesting to plot R,; obtained from the short 
normal after correction for the hole effect. The R, value 
of Point 10 is the only one showing a resi&tivity greater 
than F R,,,. Point 9 is next in interest on both the in- 
duction and short-normal values. 

The perforations shown on the log at the level of 
Point 10 gave a natural production of 183 BOPD (40° 
API gravity and gas-oil ratio of 420:1). 


THE SONIC LOG IN SOFT FORMATIONS 


The method to be described here provides a quick 
interpretation by comparing the fluid characteristics of 
many levels after the porosity variable has been elim- 
inated. In short, the resistivity of the fluid filling the 
pores is calculated, assuming that such fluid fills all 
the porosity available. 

In final analysis, this method is not very different 
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from many others used in the past. It has been found 
to have a practical usefulness in shaly and unconsoli- 
dated formations that cannot be easily studied with the 
method described under “Sonic vs Resistivity in Hard 
and Compacted Formations”. In particular, no special 
graph paper is necessary. Neither do we need to know 
R,, in any of the simple calculations. 
In a sand, the formation factor can be given by one 
of the two relations, 
F = 0.62/¢"” (Humble Formula) 
or 


F = 0.81/¢°. The latter is preferred in our work 
because it is somewhat simpler to use. 
In a water sand, R, = F R,, or 0.81 R,./¢’. Rw» can 
be easily determined: 


_ 


0.81 
In a sand which contains some hydrocarbons, 
F Rw p84 Ru 
Si Sw 
In this case, 
R, 
0.81 


If it is not known that the sand contains oil or gas, 
and the sand is assumed to be wet, a fictitious value 
is obtained. 


Roo = (3) 


Thus, R,,. is too large in oil and gas sands. 
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It is often difficult to make interpretations where the 
formation water resistivity varies with depth because 
the knowledge of R,, is poor. If the formation water 
resistivity is systematically checked according to Eq. 3 
for all sands, the following tabulation may result. 


Depths: 1,000 1,200 1,500 1,700 1,800 2,100 2,400 
0.43 0.37 «0.3 0:28 10:22 


The liquid resistivity increases up the hole, but the value 
at 1,700 ft clearly is much higher than the trend. This 
section contains oil or gas. 


This use of the sonic log for porosity includes only 
the compaction correction. No shale or fluid correction 
is made. Such porosity will be too high in shaly sands, 
but it is compensated by a low R, when such sands con- 
tain hydrocarbons. In a clean oil and gas sand, the por- 
osity given by the sonic with only the compaction cor- 
rection will be too high when the transit time is in- 
creased by the presence of hydrocarbons. This, in turn, 
will point out the petroliferous section in an exagger- 
ated manner. 


In a water-bearing shaly sand, the formation water 
resistivity calculated in this manner may be as much as 
2 R, because its At is too high. For this reason, it is 
believed that oil or gas saturation in shaly sands should 
be assumed only when R,,, is at least 2 R,,, or more. 
A greater contrast will be found in clean sands. 


The attractiveness of this method lies in its rapidity. 
Fig. 11 shows a nomograph for both compacted and un- 
consolidated sands. It very readily gives R.,.. This tech- 
nique also can be used in compacted sands and where 
the formation water is salty. This technique is as rapid 
as “eyeballing” and is much safer. It is well adapted to 
the Gulf Coast and California, so long as R, is avail- 
able. One can obtain the resistivity index easily because 
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1 = (R,, in oil sand)/(R,. in water sand); conse- 
quently, quantitative interpretation can be carried out 
with this approach. 


CALCULATION OF R,, 

If the same technique is applied but R, instead of 
R, is used, R,, is obtained. This value is equal to R,, 
in completely invaded water sands. It is less than R,, 
if some formation water remains in the invaded zone 
of the water sands. (Such invaded water sands are filled 
with a water of resistivity R., as previously explained.) 
Except for large R,,/R, contrasts, R., usually will be 
larger than R,,,; in oil or gas sands because of residual 
oil and gas. 

In conclusion, calculating R,,. and R., is more or less 
identical to the plotting of R, and R, when the forma- 
tion water resistivity is constant throughout the section 
under study. This technique is well adapted to soft for- 
mations and, in particular, to shaly sands where the 
plotting method is not straightforward because a shali- 
ness correction would have to be made before plotting. 


Figs. 12 and 13, which illustrate this technique, will 
be discussed after the next section. 


FINDING SATURATION IN INVADED ZONES 
WITHOUT R,, AND R, 


In many places R,, and R, are difficult to obtain for 
various reasons. The classical methods for finding water 
saturation require that such parameters, in addition to 
the formation factor, be known, Great difficulty is en- 
countered when formation water resistivities vary con- 
siderably in the formation under study. 


It is known that, if small resistivity spacings are used, 
a value of the formation factor can be obtained under 
ideal conditions of filtrate invasion. When the formation 
is saturated with hydrocarbons, the residual oil or gas 
will increase the resistivity; consequently, the forma- 
tion factor derived from shallow resistivity measure- 
ments will be too high unless a special correction is 
made to account for the ROS. This is true whether the 
Microlog, the MicroLaterolog, the Promixity log, the 
limestone curve or the short normal is used to obtain 


_ the formation factor. So long as invasion has taken 
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‘place, one fact stands out — the formation factor is too 
high in oil and gas sands if the ROS is not considered. 


On the contrary, the formation factor derived by the 
sonic log will be correct (or too low) in the case of 
hydrocarbon-saturated formations. It can be seen that, 
if dp is the porosity and F, the formation factor de- 
rived from a shallow resistivity log (without correction 
for ROS) and ¢z the porosity and F, the formation fac- 
tor derived by the sonic log (without correction for 
fluids or shaliness), the following will occur with nor- 
mal invasion: 


1. In oil or gas formations, dre < ds or Fr > Fs; 
thus, F;/F, > 1. 


2. In water-bearing formations, dr > ds or Fr < Fs; 
thus F;/F, < 1. 


To find F, it is usually sufficient to divide R; (ob- 
tained from a short-spacing device) by R,,;. More cor- 
rectly, one should divide by R, if some formation water 
is mixed with the filtrate; however, this is not too im- 
portant for such qualitative methods so long as a small 
contrast exists between the-mud and formation water 
resistivity. When the mud is very fresh compared with 
the formation water, the value of R, is very different 
from R,,,; therefore, this technique is not recommended 
when the R,,,;/R,, ratio is large. All this reasoning ap- 
plies to shaly sand, as well as to clean sands. The sonic 
and resistivity logs are affected by the presence of shali- 
ness in a somewhat similar manner. 

A word of caution —- shallow invasion must be rec- 
ognized. If, for instance, the short normal is opposite 
a non-invaded oil sand, it is very possible that the re- 
sistivity value thus obtained might be less than if inva- 
sion had occurred. In such a case, an erroneous value 
of porosity and formation factor would be computed 
by the R,/R,,; method. The higher the R,,/R., the 
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greater would be the error. Of course, the non-invaded 
water sands would give for Fy = R,/R»; a value much 
smaller than those in the non-invaded oil sands; this 
fact permits the use of the method in such cases if this 
matter is kept in mind. Shallow invasion allows a good 
knowledge of R,, and other types of interpretation( pre- 


viously mentioned) can be used. 


This qualitative approach to the location of oil or gas 
saturation should be relied upon only when R, cannot 
be reliably obtained. Inability to determine R, usually 
occurs in zones of deep invasion. Therefore, the com- 
parison of F, with Fy, is, and should be, a last resort 
for deeply invaded sections or when R,, (the forma- 
tion water resistivity) cannot be obtained. 

The Microlog is not recommended for this method 
because such work is often done in formations of me- 
dium and high resistivities, where the Microlog is not 
efficient. 

It must be mentioned that, when the oil or gas sands 
are found in such a qualitative way, there should not be 
much trouble in finishing the interpretation in a quanti- 
tative manner. In such saturated sands, the long- 
spacing resistivities usually are not affected greatly by 
invasion and, consequently, approach R,. In other words, 
when the oil and gas sands are separated from the water 
sands, the rest of the work is usually quite simple. This 
method gives good qualitative results in low-porosity 
formations (@ < 20 per cent). The results in high- 
porosity formations (¢ > 20 per cent) should be veri- 
fied by the R,,, method (water comparison), explained 
previously. 


EXAMPLES 


Fig. 12 illustrates the logs made in a Deep Frio sec- 
tion in the Texas Gulf Coast. Because of the brackish 
mud and shaliness, little SP deflection occurs in the 
sands. At the level of the sections studied, the values 
of ¢,, Rue and F,/Fs have been written on the induc- 
tion-electrical log. 
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Level 1 shows a relatively low porosity value and an 
R,,, value equal to the known formation water resistiv- 
ity. This section is water-bearing. The ratio F;/Fs is less 
than unity because insufficient invasion has taken place. 
It is remarkable that this section shows as good a re- 
sistivity and SP as can be found on the induction-elec- 
trical log. Points 4, 5 and 6 are the only ones showing 
an R,,, at least three times that of Level 1. The ratio 
F,/F, clearly indicates that hydrocarbons are present 
in the invaded zone. Tests of Levels 5 and 6 showed 
gas. 

Fig. 13 shows the logs of a Wilcox (Eocene) section 
in South Texas. The values of ¢., Rg and Fr/Fs, are 
marked on the log at the levels under study. 


In the upper section, Points 1 through 6 show good 
porosities and values of R,, seven to nine times the 
known R,,. The ratio F;/F; clearly shows that hydro- 
carbons are present in the invaded zones. 


Levels 7, 8 and 9 are also indicative of a section 
saturated with hydrocarbons. Point 10 shows relatively 
low porosity, an R,,, value less than twice R, and a 
ratio F,/Fs hardly above unity. This indicates a tight 
section without an appreciable amount of hydrocarbons. 
Starting with Point 11, the hydrocarbon saturation 
decreases rapidly; no water-free production is possible. 


Perforations are indicated on the log. The upper 
zone produces 23,000 Mcf/D and the lower, 12,000 
Mcf/D. Each produces 50 to 60 bbl of distillate per 
MMcf/D. 
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CONCLUSION 


The use of the deep-induction log and the application 
of the new sonic interpretation techniques have greatly 
helped the evaluation of many formations. In par- 
ticular, many sandstones in South Texas, Mississippi 
and the Rocky Mountain areas that could not be 
evaluated in the past can now be easily interpreted. 
The same is true of various limestones in West Texas 
and New Mexico. 


ACKNOWLEDGMENT 


The authors acknowledge the efficient assistance of 
M. C. Watson, W. P. Biggs and R. P. Burton in the 
preparation of the paper. The courtesy of the oil com- 
panies who released log data for the illustration of this 
paper is appreciated. 


REFERENCES 


l. Tixier, M. P.: “Porosity Balance Verifies Water Satura- 
tion Determined From Logs”, Trans., AIME (1958) 213, 
161. 

2. Dumanoir, J. L., Tixier, M. P. and Martin, Maurice: “In- 
terpretation of the Induction-Electrical Log in Fresh Muds”, 
Trans., AIME (1957) 210, 202. 

. Tixier, M. P., Alger, R. P. and Doh, C. A.: “Sonic Log- 
ging”, Trans., AIME (1959) 216, 106. 

. Tixier, M. P.: “Electric Log Analysis in the Rocky Moun- 

tains”, Drill. and Prod. Prac., API (1949) 316. 

. Berry, James E.: “Acoustic Velocity in Porous Media”, 

Trans., AIME (1959) 216, 262. 

“Charts D-18 and D-20”, Log Interpretation Charts, Schlum- 

berger Well Surveying Corp. (April, 1959). kK 


BP 


PETROLEUM TRANSACTIONS, AIME 


T. N. 2060 


Feasibility of Underground Storage of Liquefied Methane 


D. A. FLANAGAN* 
JUNIOR MEMBER -AIME 
PAUL B. CRAWFORD 
MEMBER AIME 


ABSTRACT 


A study has been made of the feasibility of storing 
liquid methane at low pressures in underground caverns. 
Methane liquefies at — 258°F at atmospheric pressure. 
It is shown that the methane evaporation rates will rap- 
idly decrease and cool the surrounding rock so that at 
the end of one month they would be between 50 Mcf/hr 
for a cavern of 25-ft radius and 700 Mcf/hr for a 
cavern of 100-ft radius. At the end of 10 years, the 
evaporation rates would be 18 and 100 Mcf/hr, respec- 
tively, for caverns of the same radii. The evaporation 
rates may be reduced by a factor of 2 to 10 by the 
application of insulation. 

The cost for mining the caverns is estimated to be 
$.75 to $1.25/Mcf of storage. This is substantially less 
than surface storage; it is believed to be safer and to 
result in lower maintenance, savings in space and sav- 
ings in strategic materials. 


INTRODUCTION 


During the past few years, there has been an increas- 
ing interest in the economic feasibility of liquefying 
methane. Methane liquefaction is being considered for 
tanker transport; in addition, liquefaction is being re- 
considered for shaving peak gas demands. Several ar- 
ticles have described natural gas liquefaction and the 
progress of the tanker in making trial runs from the 
United States to Great Britain to determine the feasi- 
bility of tanker transport.*°*” 

At the present time, pipelines are not designed to 
supply peak gas loads during extremely cold periods 
such as are often encountered in the North and North- 
east. Gas is being stored in underground reservoirs en- 
route to its destination, but in many instances satisfac- 
tory storage in porous reservoirs has not been practical, 
especially along the Eastern seaboard where few petro- 
leum reservoirs have been found. In England and other 
foreign countries, it is unlikely that satisfactory porous 
structures could be found, and it may be desirable to 
mine or excavate the rock to obtain storage. By storing 
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the methane near the consumption point, product avail- 
ability can be increased during periods of need. _ 

Methane liquefies at — 258°F at atmospheric pres- 
sure, and 1 cu ft of liquid methane will make about 
600 cu ft of gaseous methane. Methane liquefaction for 
shaving peak gas demands was conducted in Cleveland, 
Ohio in the early 1940’s. The Cleveland plant was de- 
signed to liquefy 4 MMcf/D of natural gas.’ 


Development of several low-temperature processes has 
resulted in some improvements in the design of low- 
temperature storage vessels. Liquefied-methane storage 
vessels can be designed for various evaporation rates. 
The desired rate will depend on the reason for liquefac- 
tion. For shaving peak gas demands, the desired evapo- 
ration rates would be low, possibly between 0.2 and 1.5 
per cent/day, For methane tanker transport and supply, 
the evaporation rates must be high and must equal the 
total daily rate of supply. It is apparent that the cost of 
storage facilities will depend on the objective and will 
vary appreciably. Surface storage of methane may cost 
between $3,000 and $20,000/MMscf, depending on the 
size and design. The failure of the surface storage ves- 
sels at Cleveland, with the resulting injury and loss of 
many lives, has caused considerable emphasis to be 
placed upon developing new, safer and improved meth- 
ods of storing liquid methane. 


Storage of liquefied propane and butane in under- 
ground salt domes has been very satisfactory. The per- 
barrel cost of underground storage for any sizeable ca- 
pacity is very small compared to the cost of surface 
storage for LPG mixtures. The larger the capacity of 
the underground storage, the less is the per-barrel cost. 
Numerous advantages appear to exist if liquefied meth- 
ane could be satisfactorily stored underground, the prin- 
cipal advantages being increased safety, lower initial 
cost, lower maintenance cost, savings in space and sav- 
ings in strategic materials. 

The purpose of this paper is to determine the feasi- 
bility of storing liquid methane underground in mined 
caverns. 


If a large spherical cavern is dug underground and 
is filled instantaneously with liquid methane, the surface 
of the sphere may approach the liquid methane tempera- 
ture almost instantaneously. The temperature distribu- 
tion for a sphere of radius r, in an infinite medium, 
initially at one temperature with spherical surface kept 
at T,; from time t = 0, is given by Eq. 1.’ 


371 


(1) 
where ¢ [x] = erf [x] = probability integral or 

error function = =| 
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Note the form Eq. 1 takes when the error co-func- 
tion is used. 


r; 2\/at 

By evaluating the 0 T/d r, the heat flux into the me- 
dium at r; = r, = R (the cavern radius) has been shown 
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RESULTS AND DISCUSSION 


Numerical solutions to Eqs. 1 and 3 have been made 
for a large range of variables. In reviewing the equa- 
tions, it will be found that both the temperature distri- 
bution and heat flux vary with the thermal properties 
of the rock, cavern radius and time. Pertinent rock 
properties include the thermal conductivity, density, heat 
capacity and the thermal diffusivity. Some of the various 
rock thermal properties are shown in Table 1. 


Fig. 1 presents a series of curves showing the tem- 
peratures surrounding a liquid-methane cavern for a 
specific condition. The cavern was assumed to have a 
diameter of 50 ft; it was un-insulated and mined in ayv- 
erage rock. From Fig. 1 it is noted that, at the end of 
one hour, the temperature of the rock 1 in. from the 
liquid methane-rock interface would have cooled to ap- 
proximately —200°F; 6 in. out, the temperature would 
be only about 40°F. This sharp difference in tempera- 
ture, which exists over a S-in. interval, shows the very 
significant thermal-insulation properties of rock. At the 
end of approximately 50 hours, the temperature 5 ft 
into the rock from the liquid methane still would be ap- 
proximately 70°F and would only cool to approximately 
—100°F after the lapse of more than 30 days. These 
very sharp temperature gradients indicate very clearly 
the ability of earth to serve as a fairly good thermal in- 
sulator. The outward movement of the 32°F tempera- 
ture, or ice point, is readily seen. 


Fig. 2 shows heat gain from storage in several types 
of rock for several cavern radii as-a function of time. 
The inset to the figure shows the thermal properties of 
various types of rock. Note that the thermal conductivi- 
ties for dry quartz sand, limestone, sandstone and av- 
erage rock are indicated to be 0.34, 1.2, 1.5 and 1.4, 
respectively. The thermal diffusivities differ by a factor 
of four, as shown by the inset. After calculating the heat 


TABLE 1 — THERMAL PROPERTIES OF VARIOUS MATERIALS 
Thermal Properties 


Material k c p a 
Granite 1.6 0.19 168 0.050 
Limestone ie 0.22 168 0.032 
Marble tee 0.21 168 0.037 
Sandstone 155 0.21 162 0.044 
Average Rock 1.4 0.21 165 0.04 
Calcareous Earth, 

43 Per Cent Water 0.41 0.53 104 0.007 
Quartz Sand, Medium 

Fine, Dry 0.15 0.19 103 0.008 
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flux for the various rock types, it was found that the 
heat fluxes from the sandstone, limestone and average 
rock were substantially the same. The slight differences 
obtained are indicated by the spread in the data points 
on Fig. 2. Dry quartz sand is an unusually good insula- 
tion material and is included for information purposes. 

From Fig. 2 it will be seen that, at the end of 10 
hours, the heat flux into the cavern would be from 3 to 
50 million Btu/hr for cavern radii of 25 to 100 ft. How- 
ever, at the end of four days, the heat flux would have 
decreased to one and 16 million Btu/hr for cavern 
radii of 25 and 100 ft, respectively. At the end of one 
year, the heat flux will be between 250,000 and 2 mil- 
lion Btu/hr; at the end of 10 years, the heat flux will 
be between 180,000 and 1 million Btu/hr for cavern 
radii of 25 and 100 ft, respectively. 

From a study of the thermal properties of methane, 
it will be found that, for storage near atmospheric pres- 
sure, approximately 10 Btu will be required to evapor- 
ate 1 scf of methane.’ If the Y axis in Fig. 2 is divided 
by 10, the evaporation rates can then be read as cubic 
feet of gas evaporated per hour. At the end of one 
month, for example, the evaporation rates would vary 
from 50 Mcf to 700 Mcf/hr for caverns of 25 and 100- 
ft radii, respectively. At the end of 10 years, the evapo- 
ration rates would be from 18 to 100 Mcf/hr. 


The previous discussion has concerned the storage of 
methane in direct contact with the containing rock. A 
reduction in heat flux and evaporation rate can be ob- 
tained by insulating the walls of the cavern. The ratio 
of the heat flux of an insulated cavern to the heat flux 
of an un-insulated cavern is shown in Fig. 3. The ratio 
of the thermal conductivity of the insulation to the ther- 
mal conductivity of the rock is a measure of the ef- 
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fectiveness of the insulation. The use of a 6-in. layer of 
insulation could reduce the evaporation rate by a fac- 
tor of 2 to 10 for the small caverns. Fig. 4 shows the 
ratio of the heat flux for the insulated cavern to the 
heat flux of the un-insulated cavern as a function of the 
thickness of insulation (R, — R:). These calculations 
concerning the effectiveness of insulation were made as- 
suming steady-state heat transfer. 


The calculations shown in this paper have been made 
with the assumption that the methane would be stored 
at atmospheric pressure in the earth, and the earth was 
originally at 70°F. If the methane were to be stored at 
some elevated pressure, the liquefaction or storage tem- 
perature would be higher, resulting in a lower heat flux 
from the earth to the methane. 


From the standpoint of storage with minimum heat 
loss, it is quite likely that the ideal storage shape would 
be spherical in nature; however, many factors must be 
considered in preparing the excavations, and there are 
many things which prevent one from achieving the ideal 
shape. The strength of the rock should be moderate, and 
the bed should be very thick. The usual stratified nature 
of rock, together with its variable strength, would re- 
sult in the possibility that the chambers themselves will 
be modified circles or a rectangular cross-section. In any 
event, it is believed that a very detailed study must be 
made of the site, including substantial coring and a 
study of the nature of the overburden and bed rock. 
Insofar as mining costs go, it usually costs less to ex- 
cavate a large chamber than to obtain the equivalent 
volume in many small openings. 
~ On the basis of data initially developed for LPG stor- 
age, costs for mining storage caverns at depths ranging 
from 300 to 500 ft could range from $4.00 to approxi- 
mately $2.50/bbl for storage volumes of 100,000 and 
500,000 bbl, respectively. This is equivalent to about 
$.75 to $1.25/Mcf for storage. It should be noted that 
these costs are substantially less than above-ground stor- 
age. In addition to the reduced cost, there is also a 
reduction in the metal requirement if underground stor- 
age is used. 

It is believed that contamination would be very small. 
The temperature distribution surrounding the storage 
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volume is such that the freezing point of 32°F would be 
found at an increasing distance from the storage cavity. 
Consequently, if water were to migrate towards the 
sphere, it would freeze at a great distance from the cav- 
ity itself. Since the temperature of liquid methane is 
substantially below the solidification temperature of 
CO., H.S and NH; (all solidify at near —120°F), these 
other gases would also solidify before reaching the stor- 
age cavern. 

The possibility of storing liquid methane in under- 
ground caverns, as a supplement to above-ground stor- 
age and underground gaseous storage in porous strata, 
increases considerably the areas and provinces which 
can be more effectively served with natural gas. The 
northern portion of the Atlantic seaboard, from New 
Jersey to the Carolinas, consists mostly of a coastal 
plain which seems to be suited for mining of shale cavi- 


ties. The southern portion of the Atlantic seaboard in 


Georgia and Florida consists of sand and limestones at 
shallow depths. The Appalachian core, from Maine 
south into Georgia and eastern Alabama, provides pos- 
sibilities of storage in granite or hard rock. West of the 
Appalachian core is the folded belt of sedimentary rocks 
which, in addition to providing natural reservoirs for 
storage, may offer possibilities for mining liquid methane 
reservoirs in shale or limestone. In the central region, 
a large area of shale exists which may be favorable for 
mined storage. The Rocky Mountain area, extending 
from Montana into New Mexico, offers possibilities for 
hard-rock mining for storage purposes. In the Pacific 
Coast area, west of the Sierra Nevadas in the Cascade 
ranges, there are shale strata which could be mined for 
liquid storage of methane. 

The previous discussion has been developed in terms 
of storing liquid methane in rock. By use of the general 
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charts, one may also develop similar specific charts for 
storage in salt. Bedded rock salt occurs in the Great 
Lakes district, in the Northern Appalachian geosyncline, 
in the Michigan basin underlying parts of New York, 
Pennsylvania, West Virginia, Ohio and Michigan, and in 
a large area of the South Central states known as the 
Permian Basin, which underlies parts of Kansas, Okla- 
homa, Texas and New Mexico. Salt domes on the Gulf 
Coast, from the Mexican border to Alabama, also might 
provide possible storage sites. 


SUMMARY 


In view of the operational hazards experienced in 
storing liquid methane above ground, it appears neces- 
sary to consider alternate storage methods which may 
be safer and perhaps more desirable for successful com- 
mercial liquefaction of methane for its several applica- 
tions, In the application where liquid methane is trans- 
ported by tanker for large-scale users, it would appear 
that an un-insulated cavern would be suitable. For this 
application, little commercial use can be made of the 
low-temperature refrigeration in the first deliveries; 
therefore, the first few months of operation may be util- 
ized to cool the cavern. After the passage of a few 
months, presumably, an outlet for the potential power 
generation from methane evaporation would be estab- 
lished. At this time, the natural methane evaporation 
rate from the cavern would be small and would permit 
almost all of the methane to be used for power genera- 
tion. 


When methane is to be liquefied to shave peak gas 
demands, some form of insulation probably will be de- 
sired, It still may be much safer and more desirable to 
mine a cavern and store the methane in insulated tanks 
inside the cavern than to use above-ground storage. 
Through utilization of this technique, the daily natural 
evaporation rate could be reduced quite easily to a frac- 
tion of a per cent of the methane stored; the operational 
hazards would be minimized. 


Underground storage of liquid methane is indicated 
for various types of rock. Storage costs appear to be 
much less than above-ground storage; less maintenance 
and materials are required, and the technique is be- 
lieved to be considerably safer. 


Possibilities of using salt caverns for storage are in- 
dicated. 


NOMENCLATURE 


| 


k 
= thermal diffusivity, Sd ft/hr 
p 


= specific heat, Btu/lb °F 
Btu 


hr sq ft °F/ft 


= thermal conductivity, 


k 

O = heat flux, Btu/hr 

p = density, Ib/cu ft 

R = radius, subscript i refers to radius of interest, 
subscript c refers to cavern radius, ft 

t = time, hours 

T = temperature, °F 

T; = temperature difference = normal earth tempera- 

ture minus cavern temperature, °F 
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INTRODUCTION 


Refinements in radiation logging techniques during 
recent years have involved increasing usage of scintilla- 
tion detectors. These detectors produce voltage pulses 
whose heights are related to the energies of the gamma 
rays which initiate them. Analysis of the gamma-ray 
spectrum, as indicated by the pulse heights, yields in- 
formation about the chemical elements composing the 
formations surveyed. Refined scintillation counter tech- 
niques can furnish chemical information concerning 
earth formations in situ, from a study of the gamma- 
ray spectra emitted by the formation either naturally*’ 
or as a result of neutron bombardment.** 

Accompanying the rising interest in gamma-ray scin- 
tillation spectroscopy, there has been increased activity 
in the development of accelerator-type neutron sources 
(in contrast to encapsulated chemical-mixture sources). 
Such neutron generators are attractive for several rea- 
sons: (1) they greatly reduce radiation hazards to per- 
sonnel; (2) there is a great reduction in contamination 
danger if they are lost in the hole; (3) they can pro- 
duce larger neutron intensities than can conveniently 
available encapsulated sources; and (4) they are capable 
of being pulsed, thus permitting new techniques in 
logging. 

In the past, both accelerator and encapsulated neu- 
tron sources have been used by others in conjunction 
with scintillation-detector pulse-height analysis. The 
results have not been too encouraging, due to the inter- 
ference among different gamma-ray spectral lines and 
to the fact that the gamma-ray peaks were not too 
clearly distinguishable above the large and ill-defined 
background “noise’.*” 

This paper is a status report on laboratory studies of 
a technique using a borehole accelerator as a neutron 
source, which gives an improved scintillation spectrum, 
thus permitting more accurate chemical analyses of the 
formations penetrated. The Schlumberger-accelerator 
neutron source™’ is presented; the origins of inelastic 
and of thermal-neutron, capture gamma rays are dis- 
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cussed, and results are given for some laboratory meas- 
urements performed in borehole geometry. 


THE NEUTRON GENERATOR-TUBE 
ACCELERATOR 


In the attempt to develop an accelerator neutron 
source which would have the desirable properties out- 
lined in the “Introduction” and which would operate 
satisfactorily under borehole logging conditions, a 
small-diameter, cylindrical, neutron generator tube*“ has 
been developed. This tube utilizes the principle of accel- 
erating deuterons (heavy hydrogen nuclei) by a high 
voltage so that they bombard a tritium (heavy, heavy 
hydrogen) target. The resulting reactions produce large 
numbers of neutrons of 14 Mev energy. Furthermore, 
the tube is permanently sealed and, thus, the use of 
pumping techniques in the sonde is avoided. The tube 
consists of a pressure control, an ion source in which 
the deuterons are stripped of their electrons, an accel- 
erating gap down which the deuterons are sped by the 
high voltage, a secondary electron suppressor and a 
tritium-loaded target. Obviously, the tube requires auxil- 
iary circuitry in a sonde for the control of the ion 
source, tube pressure, high voltage and other operating 
variables. Neutron yields, both continuous and pulsed, 
have been produced under simulated field conditions in 
the range between 1 and 10 times those conventionally 
used in neutron logging applications. 

For the experiments discussed in this paper, neutron- 
pulse repetition rates in the range between 500 and 
5,000 pulses/sec are adequate. Furthermore, by making 
suitable adjustments in operating conditions, one can 
vary the pulse width from a minimum of several micro- 
seconds up to dc. As will be seen later, the present 
application to well logging does not require that one 
have available pulses of neutrons which are appreci- 
ably shorter than the time it takes for fast neutrons to 
slow down to thermal energy in water. As a conse- 
quence, much of our interest has been directed towards 
the operating characteristics of the tube with pulses 
longer than about 10 microseconds in duration, Our 
experience to date shows that tubes can be operated in 
this manner with reasonably constant, average neutron 
outputs. 
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INELASTIC AND THERMAL CAPTURE 
GAMMA RAYS 


To understand how a pulsed neutron source can 
give superior resolution and definition of gamma-ray 
spectra, we shall review the life history of an average 
neutron’ from the time it leaves the sonde until it 
disappears in the formation. During its (rather brief) 
life, the neutron produces gamma rays primarily in two 
different ways—(1) while still traveling at high velocity, 
soon after leaving the source, as a result of inelastic 
collisions with formation nuclei and (2) after being 
slowed down to “thermal” velocities, by thermal cap- 
ture. Thermal capture is the end of life for the free 
neutron. 


Neutrons can also collide elastically with formation 
atoms without the production of gamma rays. Each 
such elastic collision results in a transfer of kinetic 
energy from the neutron to the struck nucleus, with a 
loss of neutron velocity depending largely upon the 
mass of the struck nucleus. Since hydrogen atoms have 
about the same mass as a neutron, they are particularly 
effective in slowing down neutrons rapidly’ to thermal 
velocities, after which they can be easily captured. 
This slowing-down process is of great importance in 
conventional neutron logging. 


Gamma-ray-producing inelastic collisions can occur 
only when the neutrons still have a great deal of energy: 
i.e., Shortly after they have been emitted from the 
source. When an inelastic collision occurs, the neutron 
imparts energy to the struck nucleus, which is disposed 
of almost instantly by the emission of one or more 
gamma rays. These “inelastic” gamma rays have energy 
spectra which depend upon the energies of the exciting 
neutrons and which are characteristic of the struck 
uuclei. 


Neutrons, which have been slowed down to thermal 
velocities by successive collisions, diffuse through the 
formations until they are captured. When a thermal 
neutron is captured by a nucleus, it is incorporated 
into the compound nucleus thus formed and also gives 
up a small portion of its mass. The lost mass is con- 
verted into internal energy of excitation, which the 
compound nucleus emits as one or more gamma rays. 
These gamma rays are characteristic of the compound 
nucleus, and their spectrum is not the same as that 
produced by inelastic collisions. 


Chronologically, then, we consider two distinct types 
of gamma-ray spectra excited by neutron interactions 
with formation nuclei—(1) the inelastic-collision spec- 
trum, emitted early in time, when the neutrons still 
have a large velocity and (2) the thermal-capture spec- 
trum, emitted later, when the neutrons have been 
slowed down by successive elastic collisions to thermal 
velocities. 


The actual time required for the neutrons to be 
slowed down to thermal velocities depends upon the 
nature of the formations. In water, which is quite 
hydrogenous, the time is about 10 microseconds. 


Thus, as in Fig. 1, if the neutron generator emits a 
single burst of 14 Mev neutrons at time zero, one may 
expect to observe inelastic gamma rays during, at most, 
the time required for the slowing-down process. After 
about 10 microseconds, there will be a build-up of the 
population of thermal neutrons diffused into the forma- 
tion, and capture gammas will start to appear. After 
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about 200 microseconds (for water) most of the thermal 
neutrons will have been captured, and capture-gamma- 
ray production will practically cease until the neutron 
generator is pulsed again. 


If a de neutron source is used, the inelastic gamma- 
ray spectrum will be mixed in with the capture gamma- 
ray spectrum. If one wishes to separate these two spec- 
tra, it can be done in the manner illustrated in Fig. 1. 


For the selection of inelastic spectra, the neutron 
source can be pulsed on and, at the same time, the 
scintillation detector can be turned on for a period of 
time which is shorter than that required for the neutrons 
to slow down to thermal energy. In the case of water, 
a convenient time is about 10 microseconds. At the 
end of this time, the detector must be turned off; 
simultaneously, or shortly thereafter, the source pulse 
also can be turned off. Because of the choice of time, 
the only gamma rays which the scintillation detector 
receives are those produced by fast neutrons; i.e., in- 
elastic gamma rays. (Actually, there also may be pres- 
ent a small number of unwanted pulses due to fast 
neutrons which were scattered into the scintillator.) 
It is clear that it is practically impossible to have 
received any thermal-neutron-capture gamma rays when 
one operates the source and detector in this fashion. 


On the other hand, if one wishes to analyze the 
thermal-capture gamma-ray spectrum and not have it 
contaminated with inelastic gamma rays or with pulses 
due to fast neutrons striking the scintillator, he can 
pulse the neutron source on for a period of 10 micro- 
seconds, in the case of water, during which time the 
detector is blocked. After the source pulse has ended 
and sufficient time for the fast neutrons to have slowed 
down enough has lapsed, he can gate the detector on 
and keep it on until most or all of the thermal neutrons 
have been captured. In this case the only gamma rays 
which appear in the spectrum to be analyzed by the 
scintillation detector are those produced by thermal 
neutron capture, plus perhaps a small amount of con- 
tamination arising from artificial activities created in 
the formation. It is certain, however, that under a 
regime such as this, there can be no interference with 
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the spectrum as a result of the inadvertent detection of 
inelastic gamma rays. 


INTERFERENCE AMONG FORMATION 
ELEMENTS 


Fig. 2 shows the more important gamma-ray ener- 
gies which are produced by neutron bombardment of 
a clean sand whose pores are filled with a mixture of 
oil and salt water.” The various elements present all 
produce gamma rays at certain characteristic energies. 
Actually, these gamma rays are scattered somewhat in 
the formations, and also, the scintillation detectors are 
not able to resolve lines which are too close to each 
other; in practice, therefore, the spectra are somewhat 
smeared. 


All of the lines appear in the dc-source spectrum, as 


shown in View (a) of Fig. 2. In the inelastic-collision 
spectrum (b), the carbon and oxygen lines are present. 
For the chlorine concentration present, no significant 
inelastic gammas are seen. In the thermal-capture spec- 
trum (c), chlorine, hydrogen and silicon lines appear. 
The concentration cross-section product of sodium is 
so small that it produces no significant gammas of 
either type. 


Inspection of Fig. 2 shows why the separation of in- 
elastic from thermal-capture gamma-ray spectra should 
be valuable in well logging. It enables us to separate 
the effects of carbon and oxygen from those of hydro- 
gen, silicon and chlorine. 


EXPERIMENTAL RESULTS 


_ The experiments carried out in our laboratory in- 
volved the apparatus shown in Fig. 3. The upper part 
of the simulated sonde consists of an assembly con- 
taining the neutron generator. The lower part contains 
a scintillation detector whose signals were carried to a 
laboratory multi-channel pulse-height analyzer, where 
the spectra were analyzed and recorded. Various meth- 
ods of blocking and gating the input to the pulse-height 
analyzer have been used to test the ideas developed in 


this paper. The mockup of Fig. 3 was contained in a. 


water-tight aluminum sleeve and the whole laboratory 


| | DC SOURCE 
ci! HSi Cl Si | CSiICI 


PULSED SOURCE- INELASTIC GAMMA RAYS 
Te 


a 


PULSED| SOURCE-THERMAL CAPTURE GAMMA-RAYS 
Si Cl Si ci cl Cl 


(c) 4 


GAMMA-RAY ENERGY (Mev.) 


Fic. 2—-Gamma Rays Propucep By BOMBARDMENT OF AN 
WATER SAND. 


VOL. 219, 1960 


sonde then inserted into simulated formations contain- 
ing 8-in. diameter boreholes. The environments investi- 
gated consisted of 40 per cent porous, clean silica sands 
filled with 15 per cent NaCl solution and No. 2 fuel 
oil, respectively. A 25-microsecond block on the detec- 
tion system was used for all thermal-neutron capture 
gamma-ray spectra recorded. The neutron generator was 
turned on in bursts lasting approximately 15 to 20 
microseconds. Thus, we were assured that no inelastic 
gammas due to fast neutrons were present. 


Conversely, the spectra taken with the scintillatior 
detector gated “on” only during the fast neutron burst 
were recorded during a 15-microsecond interval begin- 
ning at the same time that the neutron burst was turned 
on. Since the slowing-down time to thermal energy is 
approximately as long as this in all cases studied, it is 
certain that no significant thermal-capture gamma rays 
appear in these spectra. This is confirmed by the obser- 
vation that almost no hydrogen-capture gamma rayr 
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(2.2 Mev) appear in any of these so-called inelastic 
spectra. 


The spectral curves which illustrate the results of 
this technique are presented in Figs. 4 and 5. These 
illustrations correspond to sand filled with salt water 
and with oil. One curve shows the spectrum recorded 
under dc operating conditions; a second curve in each 
case shows the spectrum resulting from thermal cap- 
ture; and the third curve represents the inelastic colli- 
sion gamma-ray spectrum. The abscissas refer to the 
gamma-ray energies. The relative heights of the three 
curves are arbitrary because they have not been nor- 
malized to equal source strengths. 


Fig. 4 shows the three gamma-ray spectra (dc, ther- 
mal-capture and inelastic) for the 40 per cent porous 
sand filled with 15 per cent NaCl solution. The inelastic 
spectrum for this sand is practically identical with that 
for the sand when filled with fresh water (not shown), 
due to the relative unimportance of sodium and chlorine 
in typical concentrations. The thermal-capture spectrum 
shows the chlorine and hydrogen peaks. The presence 
of chlorine, which has a very high probability for 
neutron capture, reduces the hydrogen peaks and, of 
course, shows up in the chlorine lines between 5 and 6 
Mev. 


Fig. 5 shows the three gamma-ray spectra for the 
sand filled with oil. Here, the thermal-capture spectrum 
is almost identical with that for fresh water, showing 
the hydrogen and silicon lines. The inelastic spectrum 
shows the oxygen and, in addition, the carbon lines. 


The dc spectra in both salt-water and oil sands 
show all possible lines, sometimes superimposed, which 
makes it very difficult to distinguish certain elements 
uniquely. Comparison of the thermal with the inelastic 
spectra permits conclusions about the composition of the 
formations, which would be much more difficult to 
derive from inspection of the dc spectra only. 


These sets of spectra are illustrative of the type of 
information one may hope to obtain about the chemical 
composition of earth formations by using this technique. 
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Further studies aimed at detailed quantitative chem- 
ical analyses are being made. 
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Waterflood Calculations for Multiple 
Sets of Producing Wells 


S. A. HOVANESSIAN 


ABSTRACT 


The method of characteristics which reduces the 
Buckley-Leverett nonlinear, partial differential equation 
to two first-order, linear differential equations is applied 
to the solution of a waterflood recovery problem for 
multiple lines of producing wells and one line of injec- 
tion wells. The application of the method is described 
by a numerical example, and a brief theoretical back- 
ground is given. From the results of this study, it is 
concluded that the cumulative water injected and oil 
produced are the same for single and multiple sets of 
producing wells. 


INTRODUCTION 


In this paper, the method of characteristics is applied 
to the solution of a waterflood recovery problem with 
multiple lines of producing wells and one line of injec- 
tion wells. The application of the method to this type of 
recovery problem considerably simplifies the procedure 
of obtaining a numerical solution. It differs from the 
method described by Kern’ because it eliminates the 
need for integration in obtaining saturation fronts. In 
addition, the saturation history at any location within 
the field is obtained from a single diagram (time vs 
distance with saturation as a parameter). 

The paper includes a brief theory of the method of 
characteristics and its application to the solution of 
oil recovery problems. A numerical example is worked 
out, and the cumulative oil recovery-vs-time curve for 
a system with multiple sets of producing wells is ob- 
tained. This curve is then compared with the recovery 
curve of a system with only one set of producing wells. 

From this study, it is concluded that the cumulative 
water injected and oil produced are the same for single 
and multiple lines of producing wells. However, the 
recovery time is considerably longer for multiple sets 
of producing wells. 


THEORY 


The equation representing two-phase incompressible 
flow in a porous medium, neglecting the effects of 
gravity and capillary forces, may be written:* 
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qoF, 
where q = total flow rate per unit area in (ft*/day) / 
= porosity, 
S.. = water saturation, 
F,, = fractional flow of water 
= =|: 
t = time in days, and 
x = distance in feet. 

Assuming F,,, to be a function only of saturation and 
using the method of characteristics’ in solving Eq. 1 
for the values of S, as a function of x and t, we have 
the characteristic equation, 


Il 


dx qdF,, 
“dt (2) 
and the compatibility condition, 


This relation implies that there is no change in satura- 
tion along a characteristic. Eq. 2 gives the slope of a 
characteristic, dx/dt, in the x-t plane. This equation can 
be written in finite-difference form (for shock-front 
calculations) as follows. 

where the plus and minus subscripts refer to values 
immediately behind and immediately ahead of the 
shock front. 


Lee and Fayers’ discuss the application of these 
equations in construction of Buckley-Leverett shock 
front. In extending the application to multiple sets of 
producing wells, one only need change the slope of 
characteristics, dx/dt of Eq. 2 whenever a change in 
production occurs. Referring to Fig. 1, suppose that, at 
a distance L, from the injection wells (location of the 
first set of producing wells) and time ¢, the saturation 
at the producing wells is given by S, (Fig. 5). Since 
at this location fluid is being extracted at the rate q,, 
from this point on the slopes of the constant saturation 
lines will be reduced to 
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The constant saturation lines will continue with the 
new slope until the next set of producing wells is 
reached at x = L, + L.. From this point, the slopes of 
the constant saturation lines will be further reduced to 
dx q— + 
“dt. dS 
This procedure can be extended for calculating the sat- 
uration at the producing wells further removed from 
the injection wells. 


SOLUTION OF AN EXAMPLE PROBLEM 


For the field illustrated by Fig. 1: d = well spacing = 
400 (ft); L = distance between sets of wells, Li = 
L, = L, = 500 (ft); T = thickness of oil-bearing sand 
(uniform) = 50 (ft); S,; = initial water saturation = 
0.25; and ¢ = porosity (uniform) = 0.25. The initial 
saturation distribution and fractional flow vs saturation 
are as given by Figs. 2 and 3, respectively. 


INJECTION AND PRODUCTION SCHEDULES 

The field is operated according to the following 
schedules (where Q is the water-injection rate for the 
set of injection wells, and Q,, Q, and Q, are the pro- 
duction rates for the first, second and third sets of pro- 
ducing wells, respectively). 


SCHEDULE 1 
Q = 10,000 (B/D), Q, = 4,000 (B/D), Q. = 3,000 
(B/D) and Q, = 3,000 (B/D). When the WOR (water- 
oil ratio) at the first set of producing wells reaches 25, 
they are shut in and operations continued per Schedule 
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SCHEDULE 2 
Q = 7,000 (B/D), Q, = 0 (B/D), Q: = 4,000 (B/D) 
and Q, = 3,000 (B/D). When the WOR at the second 
set of producing wells reaches 25, they are shut in and 
operations continued per Schedule 3. 


SCHEDULE 3 
Q = 4,000 (B/D), Q: = 0 (B/D), Q: = 0 (B/D) and 
Q, = 4,000 (B/D). When the WOR at the third set of 
producing wells reaches 25, all operations are ter- 
minated. 


PROCEDURE 


Graphs relating cumulative water injected and cumu- 
lative oil produced are determined as follows. 


Lay out Table 1. From Fig. 2 obtain the correspond- 
ing distance and saturation values for S, = 1.0, S, = 
S,; and for about five points in-between. (In this 
example, values are obtained for saturation increments 
of 0.1.) Label the points appropriately and enter this 
information in Cols. A, B and C of Table 1. From 
Fig. 3 determine the slope, dF,,/dS,, corresponding to 
the points selected, and enter in Col. D. Using Eq. 2, 
compute the entries for Col. E. 


Lay out Fig. 4 and draw the constant saturation lines 
for each of the points entered in Table 1. Now find the 
constant saturation line that intersects the connate- 
water saturation line, S,,—S,,;, at the earliest time 
(labeled Point A). In this example, observe that the 
lines S, = 0.30 and S, = 0.40 simultaneously inter- 
sect the line S,, = S,,;. In such cases of multiple inter- 
section, one may select either saturation line. 

Next, compute dx/dt at Point A using Eq. 4. Start 
from Point A and draw the line AA’ with this slope. 
It should be noted that this line (AA’) and the next 


TABLE 1 
A B Cc D E 
Distance 
from dx _ 2 24 
Point Saturation Injection Wells ds dhO. Sh dS 
1 1.00 0.00 ft 0 0 ft/da 
2 0.90 0.12 0 0 be 
3 0.80 0.25 0 0 
4 0.70 0.40 0 0 
5 0.60 0.55 0.80 
5’ 0.59 — 1.05 2.35 
5 0.55 — 1.65 3.70 
6. 0.50 0.65 2.90 6.50 
6 0.48 — 3.00 6.72 
6 0.45 — 4.40 9.86 
7 0.40 0.80 4.60 10.30 
8 0.30 0.95 1.20 2.69 
9 0.25 1.00 0 0 
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7 higher constant saturation line = 0.5) will inter- 
e F sect at some distant point. Consequently, it is advisable 
Ke : 2 to draw an additional constant saturation line between 
aes 4 Points 6 and 7 of Fig. 4, say at a saturation of S, = 
lV 4 0.45. The point corresponding to this saturation is 
1.4 oe es entered as 6’ in Table 1 and on Figs. 2, 3 and 4. The 
Le fs Atfoi-, 0% slope of this constant saturation line is calculated as 
Girne Ve Lic. 3 previously shown, and the line drawn on Fig. 4. Note 
~~ that the line AA’ intersects the constant saturation line 
z ali S, = 0.45 at Point B. Calculate the slope of a line 
5 1.08 i LA atcone starting from Point B in a manner similar to that used 
2 LY, fe poe for the line AA’. Thus, the line BB’ is drawn on Fig. 
4 with the slope (=)... = 6.72 (ft/day). Note that 
Sw’ 
. / We the slope of the line BB’ is greater than that of the line 
Ze Zee S,. = 0.50; hence, the two diverge slightly. 
% Inspection of Fig. 4 now discloses that a constant 
04 Gs saturation line of about 0.48 (Point 6” in Table 1 and 
eel Figs. 2, 3 and 4) and the line BB’ should be parallel. 
be Sy = 0.80 Thus, 0.48 is the highest saturation attained by the 
al shock front and corresponds to the saturation at which 
: Sy* 0.90 breakthrough will occur. One may verify this value 
ob Sy2!-0 by drawing a straight line on Fig. 3 starting from 
S, = 0.25 and tangent to the curve.* The point of 
ae tangency T’ should correspond to a saturation of 0.48. 
Fic. 4— Distance vs Time witH Constant This method of verification is only valid for cases where 
Saturation Lrnes. the initial distribution of Fig. 2 is not spread over a 
large distance interval. 
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TABLE 2 


Flow Rate at 
Starting Point 


Line of Line Saturation WOR Slope 
OA 10,000 B/D 0.48 2.56 6.7 ft/day 
: 6,000 0.48 2.56 4.0 
tau 3,000 0.48 2.56 2.0 
Aske 3,000 0.48 2.56 2.0 
OB 10,000 0.55 9.0 SZ, 
BB’ 6,000 0.55 9.0 2:2 
eB 7,000 0.55 9.0 2.6 
CBee” 3,000 0.55 9.0 1.1 
B’"B”” 4,000 0.55 9.0 Ue) 
oc 10,000 0.59 25 2.3 
Ge 7,000 0.59 25 1.6 
cic 4,000 0.59 25 0.9 


Obtain the saturation (0.59) corresponding to the 
WOR 
shut-in WOR (25.0) from the equation, F,, i+ WOR’ 
and Fig. 3. 

Lay out Fig. 5 and Table 2. Construct the shut-in 
saturation line (OCC’C’”, S,, = 0.59) on Fig. 5 and 
fill in the corresponding lines of Table 2. Draw the 
shut-in time lines for the first, second and third sets of 
producing wells. Construct the breakthrough-saturation 
line (OAA’A’’A’”’, S, = 0.48) on Fig. 5 and fill in 
the corresponding parts of Table 2. Similarly, construct 
the lines corresponding to any intermediate saturations 
and fill in Table 2 appropriately. 

For each of the three sets of producing wells, the 
times at which breakthrough, shut-in and intermediate 
saturations (S, = 0.55, for example) occur can be 
obtained from Fig. 5. The oil-production rates at these 
times can be determined from Table 2 and from the 
relation Q, = (1 — F,,)Q. Using this information, we 
construct Fig. 6. Fig. 7 is then constructed from Fig. 
6; the curves of Fig. 7 represent the area under the 
corresponding curves of Fig. 6. 


Proceeding in the same manner, we may obtain the 
required information for a system consisting of only one 
set of producing wells located at a distance of 1,500 
ft from the set of injection wells, with a water-injec- 
tion rate of 7,000 (B/D). 


Inspection of Fig. 7 now discloses that the cumulative 
oil production and water injection for three sets of pro- 
ducing wells is the same as for only one set of produc- 
ing wells. But, the time required for ultimate recovery 
is 20 per cent higher for three sets of producing wells 
in operation. 


CONCLUSIONS 


1, The method of characteristics provides a simple 
means for obtaining numerical solutions to waterflood 
recovery problems involving one or more lines of pro- 
ducing wells. 


2. The application of this method to a particular field 
problem showed that the total oil recovered and water 
injected were the same for single and multiple sets of 
producing wells. 


NOMENCLATURE 
F,, = fractional flow 
k,. = relative oil permeability 
kK,» = relative water permeability 
QO = water injection rate, B/D 
Q; = total flow rate at the ith producing wells, 


B/D 
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wells, (ft*/day) 
S, = water saturation 
So; = initial water saturation 
t = time, day 


x = distance, ft 
o = porosity 


fio = Oil viscosity, cp 
/w = water viscosity, cp 
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ABSTRACT 


Publications concerning scaling laws for laboratory 
flow models of oil reservoirs indicate that the relative 
permeability and capillary pressure relations must be 
the same functions of saturation in the model and its 
prototype. In this paper, the relative permeabilities and 
saturations are redefined in a way which permits one 
to have different relative permeability and capillary pres- 
sure relations in the model and prototype. The develop- 
ment of the new scaling criteria is demonstrated by de- 
riving scaling laws for one simple flow problem. 


INTRODUCTION 


The successful application of information gathered 
through bench-scale model studies to the prediction of 
multi-phase fluid flow behavior in petroleum reservoirs 
requires careful consideration of the scaling criteria. 
The requirements which must be met for a small-scale 
model to duplicate the behavior of a much larger reser- 
voir prototype have been discussed by Leverett, et al,’ 
Rapoport,’ and Geertsma, et al.’ According to these 
authors, the relative permeabilities to water, oil and gas 
and the dimensionless capillary pressures must be the 
must have the same values in the model and prototype. 
Furthermore, they point out that the viscosity ratios 
must have the same values in the model and prototype. 
In addition to these requirements, other scaling criteria 
are given which, when considered, usually dictate a 
much higher permeability in the model than exists in the 
reservoir. 


Since the more permeable model sands may have con- 
nate-water and residual oil saturations quite different 
from those in the prototype, the scaling requirements 
pertaining to the dependence of relative permeabilities 
and dimensionless capillary pressures on saturation 
usually are not met. Also, if the model fluids are se- 
lected to give equal viscosity ratios in the model and 
prototype, one may find greatly different mobility ra- 
tios* in the two cases and, therefore, may expect grossly 
different flow patterns. For this reason, Craig, et al," 
correlated the results of their model studies with mo- 
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bility ratio rather than with viscosity ratio. As yet, how- 
ever, no satisfactory method has been advanced which 
permits use of anything other than the scaling require- 
ments outlined in the previously mentioned papers. 

The purpose of this paper is to present a method of 
developing a set of scaling criteria which permits dif- 
ferent relationships between saturation and relative per- 
meability or capillary pressure in the model and proto- 
type. Rather than attempt to report scaling criteria for 
a variety of practical situations, this paper demonstrates 
by use of one simple example how the modified scaling 
criteria are derived. 


DERIVATION OF SCALING CRITERIA 


For the purpose of this paper, it is sufficient to de- 
rive the scaling requirement for the incompressible dis- 


-placement of oil by water in a homogeneous, isotropic, 


porous medium. The scaling criteria for other and more 
complex cases can be derived in a manner similar to 
that given herein. 


Basic EQUATIONS 

For incompressible fluids, a simple material balance 
yields for each phase an equation of continuity which, 
combined with Darcy’s law, gives 


3 1 os 
1 Ox; ) ot (1) 

as 
ke =) or” (2) 

+ = 1 (3) 


In these equations, x;, i = 1,2,3, are rectangular Car- 
tesian coordinates; S,, and S, are respective fluid satura- 
tions; ¢ is the porosity; k, and k, are the specific per- 
meabilities to oil and water, respectively; uw. and p, 
are the respective viscosities; p,. and p, are the respec- 
tive fluid densities; t is the time; and ®,, and ®, are the 
respective flow potentials. The flow potentials are de- 
fined as ®, = p, + pug x, and ®, = p, + p.g xs, where 
p. and p, are the pressures in the two fluids which are 
related through the capillary pressure P, (Eq. 4), g is 
the acceleration of gravity, and the x, coordinate is taken 
as vertical and positive upwards. 

The pressures in the two fluids are related through 
the capillary pressure by 
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By substituting the flow potentials into Eq. 4, one ob- 
tains 
Now the physical problem is described by Eqs. 1, 2, 
3 and 5, along with appropriate initial and boundary 
conditions. 


REDUCTION TO DIMENSIONLESS FORM 


Define the following dimensionless variables, Oe 
S,, and such that 


and 


In these equations, k,,,, is the specific permeability to 
water at the residual oil saturation, v is a characteristic 
velocity (such as the water-injection velocity), S,, is a 
dimensionless saturation, J (Sa). is Leverett’s’ dimension- 
less capillary. pressure, k is the absolute permeability, 
o is the interfacial tension between the water and oil, 
S,,. is the residual oil saturation and S,,, is the connate- 
water saturation. 

Use will be made of a new definition for water and 
oil relative permeabilities, 


where k,,.,, is the specific permeability to oil at the 
connate-water saturation. The principal difference be- 
tween the scaling criteria outlined in the present paper 
and those given by others** lies in the modified defi- 
nitions of dimensionless saturations and relative per- 
meabilities. 

Substituting Eqs. 6 through 12 into Eqs. 1, 2, 3 and 
5, there result 


(12) 


ON, Ox, ot 

t=1 \Li ax, \ ax, ar 

and 

k ) (Sw) ( 
(16) 


Note that Eq. 15 defines Se in terms of So 
SCALING CRITERIA 


Eqs. 13, 14, 15, 16, and appropriate dimensionless 
initial and boundary conditions represent a complete 
mathematical description of a physical problem. The 
dimensionless parameters included explicitly are 


L; L, VibwLaX k 
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Relative Permeability, fractional 


Thus, the scaling requirement for this process can 
be stated as follows. 

1. Dimensionless initial and boundary conditions 
must be similar. 

D. K;. Ke and Is) must be the same functions of 
the dimensionless saturations, Se in the model and 
prototype. 

3. The scaling groups given in Eq. 17 must have 
the same values in the model and prototype. 


When these three conditions are satisfied, @,. ®,, Sa 
and S, will be the same functions of the X; and f in the 
model and its prototype. 


DISCUSSION 


From the foregoing analysis, it is evident that the 
new definitions of relative permeabilities and saturations, 
as described earlier, lead to scaling criteria that are 
somewhat less restrictive than those reported in the ref- 
erences cited. For example, the newly defined relative 
permeabilities (not the conventional relative permeabil- 
ities) and the Leverett J-function must be the same 
functions of the dimensionless saturation S,, in the 
model and prototype. Also, the mobility ratio rather 
than the viscosity ratio must have the same value in the 
model and prototype. When these scaling criteria are 
used, the relative permeability to water at the residual 
oil saturation appears in the so-called ratios of capillary- 
to-viscous and gravity-to-viscous forces. 

Examples of relative permeability curves for typical, 
unconsolidated sands and for reservoir rocks are shown 
by Fig. 1. As can be seen, the shapes of the relative 
permeability relations and the residual oil and connate- 
water saturations are grossly different, comparing the 
data for unconsolidated sands with that of actual reser- 
voir sands. When these data are used to plot the newly 
defined relative permeabilities, K, and K,, as functions 
of the dimensionless saturation, Se the curves shown by 


© Unconsolidated Sand 
Unconsolidated Sand 
ven A Frio Sand 
\ Unconsolidated Sands 
0.8 |— \ ——— Consolidated Reservoir Sands 


0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 


Water Saturation, Sa 


Fic. 1— Retationsuips Between Revative PERMEABILITIES 
AND WATER SATURATION. 
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Fig. 2 are obtained. Similar plots could be made for 
the Leverett J-function. 


For exact compliance with the scaling criteria, the 
oil and water relative permeability curves for the differ- 
ent porous materials shown by Fig. 2 should be iden- 
tical. As can be seen, the agreement between the rela- 
tions for any particular reservoir rock and the uncon- 
solidated model sands selected for illustrative purposes 
is rather poor except at the terminal saturations where 
the newly defined relative permeabilities are forced to 
have identical values. However, one may examine sev- 
eral types of model sands and perhaps select one that 
will permit adequate agreement. If this is not possible, 
then one can readily demonstrate the relative permeabil- 
ity and capillary pressure relations that are being ap- 


plied to the reservoir prototype. In all cases, it is pos- 


sible to scale mobility ratio in the model and prototype. 


CONCLUSIONS 


The scaling criteria derived in this paper demonstrate 
that it is possible to have a scaled model in which the 
relative permeability and dimensionless capillary pres- 
sures are not the same functions of saturation in the 
model and prototype. The procedure outlined in this 
paper can readily be extended to derive scaling criteria 
for other, more complex multi-phase fluid-flow prob- 
lems. 
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Liquid - Density Correlation of Hydrocarbon Systems 


AURELIO MADRAZO 
JUNIOR MEMBER AIME 


ABSTRACT 


The Standing-Katz method for predicting liquid den- 
sities of reservoir fluids has been tested using experi- 
mental data of 154 bottom-hole or recombined reservoir 
fluid samples. New pressure- and temperature-correction 
curves for the Standing-Katz type correlation are pre- 
sented which improve the accuracy of prediction. 


INTRODUCTION 


The present study was undertaken to investigate the 
known methods of determining liquid densities and to 
select one of them which might yield a better correla- 
tion if additional data were employed. An appropriate 
correlation would incorporate the following characteris- 
tics: (1) ease of handling in the computations, (2) 
results within engineering accuracy and (3) data easily 
accessible. After careful investigation of the different 
methods, the Standing-Katz correlation’ appeared to 
have these characteristics. 


The Standing-Katz correlation for liquid densities of 
hydrocarbon systems is based upon limited data. The 
original work, which employs apparent densities for 
methane and ethane, was based on data of 15 saturated 
crude oils in equilibrium with natural gas. Therefore, 
a test of the correlation using additional experimental 
data would serve either to validate the Standing-Katz 
correlation or to form a basis for corrections if such 
were necessary. 


PROCEDURE AND GRAPHICAL SOLUTION 


The data of 154 bottom-hole-or recombined reser- 
voir fluid samples were employed to calculate the densi- 
ties at 14.7 psia and 60°F by the method described 
in Table 1. Volume contributions for methane and 
ethane were assigned from the pseudo liquid density 
plot (Fig. 1), but volume contributions for N., CO, and 
H.S were not considered. The densities computed at 
reference conditions of 14.7 psia and 60°F were then 
elevated to their respective temperatures and pressures 
by the use of the correction curves proposed by Stand- 
ing.’ The percentage differences between the experimen- 
tal values and the calculated values were determined; 
these samples were grouped into temperature, pressure 
and density ranges to determine a possible trend. It 


Original manuscript received in Society of Petroleum Engineers 
office Dec. 28, 1959. Revised manuscript received March 8, 1960. 


1 References given at end of paper. 
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appeared that, at temperatures above 160°F, the cal- 
culated density values were consistently larger than the 
experimental density values; however, no obvious trend 
was found for the density and pressure ranges. 


There is a relationship between the pressure-correc- 
tion and temperature-correction curves. This relation- 
ship, embodied in the temperature-correction curve, can 
be expressed as follows. 

The experimental densities of 125 samples above their 
bubble points were known. From these isothermal data, 
it was possible to determine an experimental-density 
difference between two pressures; and (from Fig. 2*), a 
calculated density difference between the same two 
pressures was determined. The relative effect of temper- 
ature must be considered in the calculated-density 
values. The effect of temperature can be determined by 
entering Fig. 3* at the two densities in consideration 
and obtaining the change in density at constant tem- 
perature. This change, or delta density, must be added 


*=An asterisked figure refers to the indicated curve as originally 
presented by Standing. 


TABLE 1—CALCULATION OF LIQUID DENSITY USING IDEAL SOLUTION 
PRINCIPLES AND APPARENT METHANE AND ETHANE DENSITIES 


Pressure = 1,344 psia Temperature =172°F Exper. Density = 40.18 Ib/cu ft 


(1) (1) x (2)=(3) (4) 

Liquid (2) 100 Density 

Comp. mol wt. Wt. of One Comp. (3)/(4)=(5) 

(mol (Ib/Ib Mol Sep. (Ib/cu ft Vol. of 

Component per cent) mol) Liquid at 60°F) Comp. (cu ft) 
Ne -42 28.016 .1177 
H2S .64 34.076 .2128 
CO2 .64 44.010 .2817 
Ci 22.06 16.042 3.5389(e) 
C2 12.41 30.068 3.7314(c) 
(er 12.78 44.094 5.6352 31.66 -1780 
= Ge 1.98 58.120 1.1508 35.12 -0328 
n—Cs 7.47 58.120 4.3416 36.45 
2.10 72.146 125151 38.964 .0389 
n—Cs 72.146 1.6233 39.363 -0412 
Ce 5.55 86.172 4.7825 41.414 1155 
Cr+ 31.70 190.000* 60.2300 51.296** 1.1742 
Total 1.6997(b) 
C;+ Sp. Gr. = -8225 (f) Wt. System = 87.1663 
(a) Wt. C34 = 79.2785 
(d) Wt. Coz = 83.0099 

(6) Density of Cs; Fraction = = = 46.64 Ib/cu ft 
(7) Weight Per Cent of Co in Coy Fraction = Tor = 4.50 per cent 
(8) Weight Per Cent of Ci in Mixture =f 4.06 per cent 


f) 

(9) From Fig. 1, Density System Includ. C2 and C1, at 60°F, 14.7 psia = 
43.00 Ib/cu ft 

(10) Fron Fig. 2, Density System at p = 1,344 psia and 60°F = 43.70 
Ib/cu ft 

(11) From Fig. 3, Density System at p = 1,344 psia and T = 172°F = 
39.89 Ib/cu ft 

*Mol, Wt. = 190.0 

Density = (sp. Gr. 


) X 62.366 
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to the delta density obtained from the pressure curve 
because the experimental and calculated densities must 
be at the same conditions. Taking the effect of tempera- 
ture into consideration does not assume that Fig. 3* is 
correct. Only a relative effect of temperature for a 
density at two pressures is obtained from Fig. 3*. 


The differences between the experimental and the 
calculated densities were averaged and grouped into 
density and pressure ranges. From this grouping of 
data, a curve of correction vs density at constant pres- 
sure was plotted. This curve contained the corrections 
to be added to Fig. 2*. These corrections were applied 
to the cross plot of Fig. 2* (positive correction for 
compressibility vs pressure at constant densities), and 
then replotted to give a new pressure-correction chart 
2) 


A calculation of the delta densities above the bubble 
point showed that in each instance the delta densities 
derived from Fig. 2 were closer to the experimental 
delta densities than the values obtained from Fig. 2*. 


The densities of the samples at 14.7 psia and 60°F 


were corrected for pressure with Fig. 2 and for tempera-_ 


ture with Fig. 3*. Average differences between experi- 
mental- and calculated-density values were tabulated 
in ranges of temperature and density. From this tabula- 
tion, it was possible to determine the range of high 
deviations; consequently, suitable adjustments were made 
on Fig. 3*. A cross plot of the corrected temperature 
chart showed that further adjustments were necessary 
to obtain a more consistent family of curves, and these 
last adjustments were incorporated in Fig. 3. 


In this study, the values for the weight per cent 
methane in the entire system were between 0.00 and 
13.42 per cent, and the average value was approxi- 
mately 5.12 per cent; whereas, the values for the weight 
per cent ethane in the ethane-plus material were be- 
tween 0.00 and 10.54 per cent, and the average value 
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was approximately 1.79 per cent. Data in the higher 
weight per cent ranges were insufficient to justify a cor- 
rection in these areas, and the corrections to be applied 
in the lower weight per cent ranges were negligible; in 
consequence, a graphic solution to this phase of the 
study did not create corrections that could be readily 
incorporated into the existing correlation. 


DISCUSSION OF RESULTS 


This investigation strove primarily to develop an 
improved correlation for the determination of liquid 
densities from laboratory data. 


By employing Fig. 1* (a reproduction of Standing’s 
original curve for pseudo liquid densities of systems 
containing methane and ethane) and Figs. 2 and 3 
(improved correction curves for compressibility and 
thermal expansion of systems) liquid densities may be 
determined more accurately than by employing the 
original three curves as presented by Standing. The 
densities at 14.7 psia and 60°F for each sample were 
corrected for the effects of temperature and pressure 
with Figs. 2 and 3; the algebraic and numerical averages 
and the standard error of estimate of the samples were 
obtained. These values are presented in Tables 2, 3 and 
4. It can be seen from these tables that the Standing 
correlation has been not only substantiated but also 
verified. 


The equation employed for the determination of the 
per cent error of estimate is expressed as follows. 


S.E.E. = \x x 100] 
N Pa 
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From Table 2, it is seen that in each temperature 
range the deviation has been lowered. Because more 
emphasis was placed on the first 119 samples than on 
the last 35 samples, Table 2 was arranged in the pro- 
gressive temperature ranges as listed. A comparison 
of the present work with the Standing correlation in 
increasing pressure ranges is presented in Table 3: a 
similar comparison in increasing density ranges may 
be found in Table 4. The pressure- and temperature- 
correction charts have been extended to 20,000 psia and 
300°F, respectively, and Samples 116 to 119 show that 
at temperatures above 240°F the curves give consistent 
results. Samples 150 to 154 produced poor results in 
the high-temperature ranges, but the data for these 
samples are questionable. 


Since the volume contribution of the N,, CO, and 
HS fractions are assumed to be zero, it can be postu- 
lated that the difference between the experimental and 
the calculated densities will increase with increasing 
amounts of non-hydrocarbons. To test this postulate, 
plots were made of the total non-hydrocarbon fractions 
vs the per cent error for the densities determined from 
the original Standing curves and for the densities deter- 
mined from the charts presented in this paper. No 
trend could be observed from the data employed; how- 
ever, the total non-hydrocarbon contribution for the 
154 samples was within 6.00 mol per cent. 


CONCLUSIONS 


1. The results of the study prove that this correla- 
tion can be used with confidence. Liquid densities can 
be calculated from the Standing-Katz correlation with 
an accuracy of 2.35 per cent (based on 1.96 times the 
S.E.E. for 95 per cent probability). By employing the 
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TABLE 2—COMPARISON OF PRESENT WORK WITH STANDING 
CORRELATION IN TEMPERATURE RANGES 


Standing Correlation Present Work 


(per cent) 
Sample Temperature (per cent) 
Number Range (°F) A.A. N.A. S.E.E A.A. N.A. S.E.E. 
71-100 = 0,07 0.84 1.03 = 0.07 0.61 0.86 
10 to 18 100-120 0.45 0.99 1.08 0.16 0.92 0.98 
19 to 28 120-140 23} 1.59 = 0226 1.23 1.56 
29 to 39 140-160 — 0165 1.90 2.95 — 0.48 1.82 2.67 
40 to 50 160-180 OES: 2.03 3.43 — 0.49 1.08 1.70 
51 to 94 180-200 = 0.89 1.36 1.84 = 0.22 1.09 1.59 
95 to 108 200-220 2.89 3.77 = 2.07 3.03 
109 to 115 220-240 OSA 1.89 2.09 — 0.02 1.75 1.99 
116 to 119 240-262 — — 0.58 1.11 1.61 
Total 
1 to 119 71-262 10.77, 1.61 2.40 — 0.5 1.34 1.91 
120 to 132 83-190 0.27 1.96 2.22 0.96 1.66 1.88 
133 to 141 180-200 — 0.34 1.38 UNCEI 0.26 1.46 1.89 
142 to 149 200-240 — 0.58 2.28 1.62 2:23 
150 to 154 240-260 — — —_ 6.02 6.55 8.80 
Total 
1 to 154 71-262 — 0.64 1.64 PI Ye — 0.18 1.39 1.92 
TABLE 3 — COMPARISON OF PRESENT WORK WITH STANDING 
CORRELATION IN PRESSURE RANGES 
Standing Correlation Present Work 
Ne (per cent) (per cent) 
Samples (psia) A.A. N.A. A.A. NYA. E-E. 
9 O- 500 .07 .70 .94 .25 -40 .60 
6 500-1 ,000 .81 19 moll 
19 1,000-1,500 1.24 1.60 1.01 
23 1,500-2,000 2.64 20 1.20 1.93 
5 2,500-3,000 1.81 2.25 —1.04 1.93 
15 3,000-3,500 3.04 3.88 — 2.34 2.92 
6 3,500-4,000 = 1.49. 1.97 2.34 1.78 2.09 
8 4,000-4,500 2.58 = 399 1.96 2.008 
3 4,500 + 42 -30 Al 
Total 
119 0-4,500 + 1.61 2.40 = 1.34 
19 500-3,000 1.78 Zz 50 1.47 1.74 
12 3,000-4,000 5.81 3.38 5.89 
4 4,000 + 2.90 2.90 3.18 —2.08 2.08 
Total 
35 500-4,000 + -69 2.51 3.89 Sue? 2.32 3.59 
Total 
154 0-4,500 + — 1.64 2.35 1.39 1.92 
TABLE 4 — COMPARISON OF PRESENT WORK WITH STANDING 
CORRELATION IN DENSITY RANGES one 
Standing Correlation Present Wor! 
(per cent) (per cent) 
Samples (Ib./cu ft] A.A. N.A. A.A. N.A. 
a 30-35 3.70 5.58 6.01 Parle} 4.52 4.39 
13 35-40 = 1.49 1.03 1.42 
59 40-45 =1.05 1.51 1.86 
33 45-50 1.61 23 1.36 1.86 
11 50-55 -66 .87 10 47 .63 
Total 
119 30-55 1.61 40 1.34 W291 
4 30-35 7.67 7.67 9.75 UTA 7.58 9.78 
5 35-40 eee 3.02 3.16 1.26 2.52 2.69 
7 40-45 2.06 2.38 1.89 
19 45-50 1.45 1.37 1.59 
Total 
35 30-55 -69 3.90 1.52 2535) 3.80 
Total 
154 30-55 64. 1.64 2.35 1.39 1292 


improved correction charts, liquid densities can be cal- 
culated with an accuracy of 1.92 per cent. 


2. A new pressure-correction chart has been devel- 
oped from isothermal data. The delta densities obtained 
from this new curve are closer to the experimental delta 
densities above the bubble point than are the values 
obtained from any correlation of the same type. 


3. A new temperature-correction chart has been 
developed to be used in conjunction with the new 
pressure-correction chart. The calculated densities ob- 
tained from these new charts produced results which 
reduce the standard error of estimate, algebraic average 
and numerical average between the calculated and the 
experimental densities in the temperature range from 
toy262 


4. No appreciable error will be incorporated into a 
calculated liquid density by neglecting the total volume 
contributions of the non-hydrocarbon fractions when 
this total is less than 6.00 mol per cent. 
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5. The errors can be expected to be higher in the 
high-temperature, low-density region. 


NOMENCLATURE 


Pn = density at any temperature and pressure, 
Ib/cu ft 


po = density at 14.7 psia and 60°F, lb/cu ft 


Pp = change in density resulting from com- 
pressibility equal to 
f , Ib/cu ft 
pr = change in density resulting from thermal 
expansion equal to 
Ib/cu ft 
S.E.b. = standard error of estimate = 


1 Pa — Pc 
— | ——— 100 
Vi ( Pz ) 


N = number of samples 

Px = experimental density, lb/cu ft 

pc = calculated density, lb/cu ft 
N.A. = per cent numerical average = 
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1 Po 


e100 
N Pa 


A.A. = per cent algebraic average = 
1 Po — Pr 
— > | ———— 100 }. 
N ( Pe ) 
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The Effect of Drilling - Mud Treating Agents 
on the Membrane Potential 


LEONARD B. LIPSON 
HAROLD L. OVERTON 
MEMBERS AIME 


ABSTRACT 


The concept of sodium single-ion equivalent activity 
as developed by Gondouin, Tixier and Simard,’ was 
used to determine the filtrate resistivity-activity relation- 
ships for 150 laboratory and 49 field drilling muds. With 
the exception of the native and phosphate high-resis- 
tivity muds and the calcium-treated muds, the filtrate 
resistivity-activity relationships were found to be within 
20 per cent of that for pure sodium-chloride solutions. 
Gondouin, et al,’ previously suggested a method of 
treating the high-resistivity muds in quantitative elec- 
trical log analysis. A new treatment is presented which 
uses the P-alkalinity of the filtrate as a correlating 
parameter in handling the calcium-treated muds in 
quantitative electrical log analysis. 


INTRODUCTION 


Gondouin, Tixier, and Simard* in 1957 introduced 
new interpretive procedures for analyzing the self-poten- 
tial curve of electric logging. They re-emphasized the 
previous work of the Schlumberger brothers, Wyllie 
and others, and re-defined the activity concept in terms 
of a number which they termed the effective resistivity. 
Their procedures are particuarly effective when the con- 
nate-water resistivities are less than 0.08 ohm-m or 
greater than 0.3 ohm-m. For gyp muds where the cal- 
cium content is known, a procedure was presented which 
allows calculation of the connate-water resistivity with 
improved accuracy. 


These procedures assume that one of the fluids in the 
system is a pure sodium-chloride solution, but they are 
not limited by the assumptions. For the fresh and saline 
connate waters, for instance, it is assumed that the drill- 
ing mud filtrate is a pure sodium-chloride solution. For 
the gyp mud interpretive procedure, it is assumed that 
the connate water is a pure sodium-chloride solution. 
Brown, on the other hand, has suggested that it would 
be extremely fortuitous if drilling mud filtrates could 
all be treated electrochemically as sodium-chloride solu- 
tions, and he cites some examples where discrepancies 
exist. 


A study has been made of the deviations of sodium 
single-ion equivalent activities, ay.,., of drilling mud 
filtrates from that of pure sodium-chloride solutions. 
Drilling fluids in common use on the Texas and Louisi- 
ana Gulf Coast and laboratory-controlled muds were 
investigated. 


_ Original manuscript received in Society of Petroleum Engineers 
office May 11, 1959. Revised manuscript received April 11, 1960. 


4References given at end of paper. 
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EXPERIMENTAL 


Using a cell patterned after Gondouin, et al, (Fig. 1), 
the equivalent activities were measured. It should be 
remembered here that the activity measured is merely 
an index which uses numbers that represent the sodium 
single-ion equivalent activity ax., of the mud filtrate. 
The membrane potential developed across the cell was 
determined with a null-type potentiometer. The resistiv- 
ities of the solutions were measured by the four-elec- 
trode method. The resistivity system was calibrated by 
using saturated KCl solution as a standard. Chemical 
properties of the drilling fluids studied were measured 
with standard APIJ-approved equipment for the particu- 
lar property in question. 


For the activity measurements, two shale discs were 
chosen to serve as cationic membranes. These two discs 
were both 114 in. in diameter and, respectively, 44 and 
Y in. in thickness. The membrane potential, E,,, was 
determined using the shale discs as cationic selective 
membranes separating two standard sodium-chloride 
solutions of known mean activity. Then by comparing 
the constant K,, in the following equation, 


E, = — K,log 


with the theoretical value of — 59 mv at 75°F, the 
perfection of the membrane was determined. The varia- 
tion of K,, for the two membranes used in this experi- 
mental work, as well as one of the many unsuitable 
membranes, is shown in Fig. 2. The measurement of 
the activity of mud filtrate involves the balancing of its 
combined individual activities against a standard solu- 
tion of known mean activity. At the point where there 
exists zero potential across the membrane cell, the ac- 
tivity effects may be assumed equal for all practical pur- 
poses. The mechanics of making a null reading of this 
sort requires having a large number of different mean 
activity solutions. A more practical method involves 
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measuring the membrane potential generated by several 
sodium-chloride solutions having different mean activi- 
ties. By plotting the measured potential vs the sodium- 
chloride mean activity and extrapolating the data to zero 
potential, the equivalent activity of the filtrate is found. 
This equivalent activity is compared to the sodium sin- 
gle-ion activity of the matching sodium-chloride solu- 
tion, which for dilute solutions (< 2N) may be taken 
to equal dyaci:, but for higher concentrations equals 


KCI 
Typical plots of potential vs mean activity are shown 
in Fig. 3. This plot is particularly well suited for ac- 
tivity measurements because it allows visual inspec- 


tion of the perfection of the shale membrane used 


during the test. On this semi-logarithmic plot, the slope 


of the line should be 59 mv for a perfect membrane at 
a temperature of 75°F. The mud filtrates were obtained 
by simultaneously filtering several samples with a Fann 
laboratory filter press. The filtration was carried on for 
at least 24 hours. 


DRILLING MUD PROGRAMS 


This experimental work was conducted entirely with 
mud filtrates. To be able to use the data obtained in 
practice, the original program encompassed the follow- 
ing clay-base drilling fluids—native and phosphate muds, 
red muds, calcium-treated muds (high and low alka- 
linity), and shale-inhibiting muds. In the first three 
groups, 150 laboratory muds were made up using com- 
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TABLE 1—DATA FOR FIG. 2 
Shale Membrane N 


NaCl NaCl log Measured 
Activity 1 Activity 2 a4 Potential K 
(EQ/liter) (EQ/liter) a2 (my) (my) 
0.0185 0.003 0.790 47.2 59.7 
0.044 0.003 1.166 68.0 58.3 
0.067 0.0185 0.559 31.0 55.4 
0.42 0.0185 15356 70.1 51.7 
UAUE 0.044 1.417 62.0 43.8 
Shale Membrane K 
0.1 0.00923 1.036 61.3 59.1 
ers 0.00923 2.265 112.8 49.8 


TABLE 2—DATA FOR FIG. 3, SHALE MEMBRANE N 


No. 1 No, 2 No. 3 
NaCl No. 1 NaCl No. 2 NaCl No.3 
Drilling Solution Membrane Solution Membrane Solution Membrane 
Fluid Activity Potential Activity Potential Activity Potential 
Used (EQ/lit) (my) (EQ/lit) (my) (EQ/lit) (my) 
Native 
Laboratory 
Phosphate 0.0091 +18.8 0.018 0.041 
Low-pH 
Red Mud 0.0091 +30.2 0.018 +13.8 0.041 6.8 
Low-Alk. 
Lime Mud 0.074 +18.1 0.147 0.26 
High-Alk. 
Lime Mud 0.074 + 40.3 0.26 +11.8 0.512 


mercial calcium bentonite as the clay material. To 
determine if field muds followed the same pattern as 
the laboratory muds, 49 field muds were obtained from 
wells being drilled in the Texas and Louisiana Gulf 
Coast. 


DISCUSSION OF EXPERIMENTAL RESULTS 


COMPARISON OF Mazor Mup TyPgEs 


Fig. 4 shows a plot of the results of all the equivalent 
activity measurements made for this study and includes 
both laboratory and field muds. The heavy line shows 
the activity-resistivity relationship for pure sodium- 
chloride solution, while the dashed lines show + 20 
per cent numerical deviation from this relation. 


It is noted that the extremely high-resistivity native 
and phosphate muds, the gyp mud and the calcium- 
treated high-alkalinity muds lie outside of the + 20 
per cent deviation lines. The gyp-mud problem has 
been previously discussed by Gondouin, ef al.’ The 
high-resistivity native and phosphate muds and the 
calcium-treated, high-alkalinity muds are discussed fur- 
ther in subsequent sections. 


NATIVE AND PHOSPHATE Mups 


The high-resistivity native and phosphate muds have 
high solids content. A consequence of this high solids 
content is a relatively high calcium ion concentration. 
This high calcium concentration gives rise to a greater 
equivalent ion activity, for a given resistivity, as ex- 
plained by Gondouin, et al.’ 


CALCIUM-TREATED, HIGH-ALKALINITY Mups 


Both caustic soda and lime, which are alkaline mate- 
rials, are major variables in this class of muds. The 
alkalinity is a variable in the resistivity-activity rela- 
tionships because of the high mobility of the OH” anion 
compared to the Cl anion. The activity is little 
changed, but the higher mobility OH™ anion greatly 
reduces the resistivity of the mud filtrate. 

The standard API test of titrating the mud filtrate 
to a phenopthalein end-point with 0.02N sulfuric 
acid is used as an indication of alkalinity. This test 
is called the P-alkalinity determination and is reported 
as the number of milliliters of acid required per milli- 
liter of mud filtrate. 
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Fig. 5 shows the resistivity-activity relationships for 
all of the laboratory and field calcium-treated muds 
plotted against P-alkalinity. The dotted lines show the 
relationships for pure lime and pure caustic soda in so- 
lution and represent the limits of the relationships. 


SHALE-INHIBITING Mups 

Even though the shale-inhibiting muds contain large 
quantities of dissolved calcium, they exhibit activity- 
resistivity relationships similar to sodium-chloride solu- 
tions. The small deviation from the sodium-chloride 
activity-resistivity relation is believed due to the influ- 
ence of the sodium chloride usually contained in this 
class of drilling mud. 


FIELD Mups—ALL TyPEs 


In Fig. 4 it can be seen that all the field muds, 
except the calcium-treated high-alkalinity muds, lie 
within the + 20 per cent deviation lines. 

Therefore, all of the mud types except the calcium- 
treated high-alkalinity ones can be treated as sodium- 
chloride solutions. Most of the high-alkalinity muds 
have sufficiently different activity-resistivity relation- 
ships from pure sodium-chloride relationships to re- 
quire corrections for this deviation. 


SUMMARY 


The sodium single-ion activity-vs-resistivity relation- 
ships of 150 laboratory drilling muds and 49 field 
muds lie, with few exceptions, within + 20 per cent of 
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the activity-resistivity relationship for pure sodium- 
chloride solutions. 

Exceptions are the native and phosphate high-resistiv- 
ity muds which have large calcium contents and very 
small sodium contents. A method of handling these 
muds has been suggested by Gondouin, et al.’ Another 
exception is the class of calcium-treated, high-alkalinity 
drilling muds. A correlation, shown in Fig. 5, between 
P-alkalinity R,,, and (dxa.) mn; has been made to handle 
these muds. 
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ABSTRACT 


An asymptotic solution to the equation that describes 
the flow of a slightly compressible fluid in an infinite 
porous medium has been used to estimate the interac- 
tion between two adjacent wells producing from a com- 
mon reservoir. A direct method for approximating the 
interference time defined by Stevens and Thodos* has 
been suggested. An alternative definition for the time 
of interference, based on the minimum pressure change 
in the interference region, has been proposed; also, a 
direct method of determination has been prescribed. 
Examples have been employed to illustrate the use of 
both methods. 


INTRODUCTION 


The pressure behavior associated with a completely 
penetrating well in a uniformly thick, homogeneous, 
horizontal reservoir containing a single, slightly com- 
pressible, mobile fluid is described by the radial form 
of the diffusion equation. A useful asymptotic solu- 
tion to this equation is the continuous line-source so- 
lution”® obtained from the basic formulation of Lord 
Kelvin.’ 


Pi p(r,t) kh Bi( kt 
(1) 


In the derivation of Eq. 1, it is assumed that a well of 
infinitesimal radius is producing at a constant rate from 
an infinite reservoir. Because of the assumption of a 
vanishing well radius, the solution is valid only for large 
values of time. Horner’ discusses the limitations on the 
use of this equation; Elkins’ presents field data which 
support Horner’s conclusions. If two or more wells are 
producing from the same reservoir, the resulting pres- 
sure distribution is obtained by the superposition of 
the solutions for the individual wells. 


The object of this paper is to develop approximate 
techniques for determining the time and the place at 
which pressure disturbances originating from two ad- 
jacent wells begin to interact, or interfere, significantly. 
Two distinct approaches will be followed. First, the ef- 
fect due to each well will be considered separately; 
then, the cumulative effect of the two wells will be ex- 
amined. 
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FIRST METHOD 


Stevens and Thodos’ recently presented a method for 
estimating the interference characteristics of two ad- 
jacent wells. They defined the time of interference to be 
that time at which each well caused a specified pressure 
drop at the same point within the reservoir. The proper 
time and position were found by graphical methods. 


The expressions for the pressure distributions due to 
a pair of wells, A and B, in an infinite reservoir can 
be obtained from Eq. 1. Since maximum interference 
occurs along the line connecting the two wells, it is 
only necessary to consider pressures on that line. The 
equations can be simplified on the line of centers be- 
cause the sum of r, and r; must equal the well spacing 
D. The equations can be written in the following com- 


_ pact form. 
A®, (x,t) = Bi ( ); 
A®, (x,t) = — Ei (2) 
where 
Apkh 
A® = 
70.7 B 
948 
k 
and 


x (1 — x) = 
Let u be a quantity that satisfies the following equa- 
tion. 


Then, 
and 
uy = ——————_: 


t 
Solving for t and x, 
a . 
us)? 
Us 
Us + Up ( 


The desired information can be obtained directly from 
Eqs. 3 and 4; to facilitate the use of this method, — Ei 
(— uw) is plotted as a function of u in Fig. 1. 


t= 
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EXAMPLE 


The following data were used in the example given 
by Stevens and Thodos.’ 


k = 270 md, pe = 45 cp, 

= .22, C ='5.15 X 10° psi’, 
ga = 550 STB/D, 

D = 1,000 ft, dz = 1,100 STB/D, 

8 = 1.10, Apa = Apz = 25 psi. 


Required calculations are the following. 
(25) (270) (57) 
(70.7) (550), (45). (110). 
ee (25) (270) (57) 
= (248) (.22) (45) (5.15 X 10") (1000) 


(270) 


= .100; 


= 179 hours. 


From Fig. 1, us is found to be 1.02 and uz is 1.20. 
Using the equations of Eq. 4. 


179 hours 
1.02 


Therefore, r, is 459 ft and r; is 541 ft. 


This calculated time of interference does not agree 
with that obtained in the referenced example because 
the latter contains a computational error in the argu- 
ment of the exponential integral. 


SECOND METHOD 


Since it seems difficult to attach any particular phys- 
ical significance to the definition of interference pre- 
sented in the preceding section, we propose an alterna- 
tive definition: interference occurs when the maximum 
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pressure along the line connecting the two wells falls 
below some prescribed level.* In this case, the combined 
effect of the two wells is taken into account. 


The superposition of two solutions having the form 
of Eq. 2 leads to the following expression. 


A®,, (x, t) = Ei ( = 
t 
where 
and 
Differentiating Eq. 5 with respect to x, 
ax = 


For finite production rates from both wells and 
0 < x < 1, the derivative is equal to zero only at the 
point of maximum pressure. Equating the derivative to 
zero and re-arranging, 


a 1 Ax 
The values of a/t that satisfy Eq. 7 for various com- 
binations of x and X are indicated graphically in Fig. 2; 
for convenience, it is assumed that A > 1 and x <.5. 
With the relationship between a/t and x in hand, A®,,; 
may be expressed as a function of a/t and A via Eq. 5; 
the results are shown in Fig. 3. 


For specified values of ®,;, a and A, the interference 
characteristics can be found quite simply. First, a/t is 
read directly from Fig. 3; then, x is obtained from Fig. 
2 for that a/t and the appropriate 2. 

EXAMPLE 


Using the same data as in the first example, required 
calculations are as follow. 


(50) (270) (57) 
(70.7) (550) (45) (1.10) 
(.948) (.22) (45) (5.15 x 10°) (1000)? 

(270) 


= 


= .400:; 


eA finite pressure drop must be specified because the form of 
the equation is such that an infinitesimal disturbance is propagated 
at a velocity that approaches infinity. 
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(550) 2:0". 
From Fig. 3, a/t is found to be 5.0. Therefore, 
(179) 
= = 35. 
(5.0) 5.8 hours 


From Fig. 2 with a/t = 5.0 and = 2.0, x is .450. 
Consequently, 7, is 450 ft and rz is 550 ft. 


These results do not differ greatly from those obtained 
by the first method; however, for larger pressure drops 
and/or larger values of A, the answers do diverge sig- 
nificantly. It can be shown that the procedure of Stevens 
and Thodos actually leads to upper bounds on both ¢ 
and x for a given set of conditions. 


CONCLUSION 


Two direct methods for determining the presence of 
interference between two adjacent wells have been pre- 
sented; both are based on the continuous line-source so- 
lution that applies to an ideal physical system. Simple 
examples have been used to illustrate the techniques de- 
scribed. 


The validity of the results obtained is limited by the 
assumptions made in the derivation of Eq. 1. In gen- 
eral, there is not sufficient information available to jus- 
tify the use of anything other than average values for 
the formation parameters, i.e., k,, ¢@ and h. The com- 
pressibility and the viscosity, however, will be pressure- 
dependent although only one mobile fluid is present. 
Parsons’ correctly indicated that the system compres- 
sibility may be defined by the following expression. 


Pp Z\ 
(8) 


The use of this definition leads to a nonlinear form 
which has no formal solution. Therefore, a necessary 
additional restriction must be imposed; i.e., there is no 
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free gas present in the system. Eq. 8 may now be writ- 
ten as follows. 

With no free gas present, the viscosity will be a rather 


insensitive function of pressure so an average value may 
be used. Then, Eq. 1 is valid. 


NOMENCLATURE 


system compressibility, 
well spacing, ft 


Il Ih 


et 


II 


exponential integral, 


dimensionless 


dé. 


e_.8 


saturation, dimensionless 

gas deviation factor, dimensionless 

formation thickness, ft 

effective permeability to oil, md 

pressure, psi 

oil production rate, STB/D 

radial co-ordinate, ft 

time, hours 

positive root of Ei (— u’) + Abd = 0, 
dimensionless 

distance from Well A along the line 
centers, dimensionless 

= potential change, dimensionless 

= time characteristic of system, hours 

= oil formation-volume factor, reservoir 

bb1/STB 

= ratio of production rates, dimensionless 

= viscosity of oil, cp 

= porosity, dimensionless 


ll 


Fn 


A® 


a 


_ SUBSCRIPTS 


gas 
initial conditions 
oil 

pore volume 
water 

connate water 


Hm 


= 
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The PVT Behavior of Methane in the 
Gaseous and Liquid States 


DONALD E. MATSCHKE 
GEORGE THODOS 


INTRODUCTION 


Considerable time and effort frequently are expended 
to establish, with a degree of confidence, the PVT be- 
havior of pure substances. In particular, a great deal 
of experimental information contributed by a number 
of investigators is available in the literature. The data 
of each investigator, although significant in themselves, 
cannot be used with a high degree of confidence until 
they are compared with the continuum of information 
presented by others. 


Current interest in thermodynamic and transport 
properties, for not only the gaseous state but the con- 
densed state as well, requires that PVT information be 
presented for both regions. The density dependence on 
temperature and pressure, when presented as a con- 
tinuum, is of considerable value in itself, especially since 
the available equations of state fail to properly account 
for the PVT behavior in the condensed state. For this 
reason and to incorporate PVT data recently presented 
in the literature, this investigation was carried out. 


In their studies concerned with the thermodynamic 
properties of methane, Matthews and Hurd” in 1946 
utilized the data of Kvalnes and Gaddy™ and Olds, 
Reamer, Sage and Lacey” to establish the PVT behavior 
of methane in the superheated region and the saturated 
liquid densities of Keyes, Taylor and Smith” in conjunc- 
tion with the Clapeyron equation to develop the densi- 
ties for the saturated envelope. 

Current activity sponsored by API Project No. 44 
under the direction of F. D. Rossini has led to a tabu- 
lar presentation of compressibility factors for gaseous 
methane in the superheated region.” These values were 
obtained by using smoothed residuals, developed from 
experimental data and the Benedict-Webb-Rubin equa- 
tion,” to establish internally consistent compressibility 
factors for the real gas. This approach offers probably 
the most precise presentation of PVT information for 
gaseous methane to date. 


The PVT behavior of methane also can be repre- 
sented accurately by equations of state such as the 
Benedict-Webb-Rubin equation or the Martin-Hou equa- 
tion.” These equations, although valuable for analytically 
representing the PVT behavior, lack precision in the 
compressed-liquid region. 


Original manuscript received in Society of Petroleum Engineers 
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REPRESENTATION OF DENSITY BEHAVIOR 


The PVT data available in the literature for methane 
were utilized to obtain reduced densities that are pre- 
sented in Figs. 1 and 2 as functions of reduced tempera- 
ture with parameters of reduced pressure. The critical 
constants utilized for methane are those reported by 
Kobe and Lynn.* These critical values, T, = 191.1°K, 
P, = 45.8 atm and p, = 0.162 gm/cc, produce a criti- 
cal compressibility factor, z, = 0.289. 


The PVT information, as obtained from the literature, 
in many instances was not presented in an immediately 
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usable form. In the majority of cases, it was necessary 
to cross-plot the available experimental data to obtain 
densities at the selected parameter values. The literature 
information reported by European investigators, for the 
most part, was presented in amagat units and required 


proper conversion to be rendered applicable to this 
study. 


To express most precisely (in graphical form) the 
information derived from the 11 different available 
sources, two types of plots have been prepared and are 
given as Figs. 1 and 2. Both of these figures show the 
region contributed by each investigator. Fig. 1 presents 
the reduced density as a function of reduced tempera- 
ture on log-log co-ordinates which tend to amplify the 
resolution in the low-pressure region. This amplification 


is realized most effectively in the high-pressure region | 


by using rectilinear co-ordinates as demonstrated in 
Fig. 2. 


The saturated-liquid line has been established for 


Tr = 0.527 to the critical point from the experirnental 
densities reported by Cardoso’ and Keyes, Taylor and 
Smith”, and from the values reported by API Project 
No. 44.” The saturated-vapor line was established di- 
rectly from the experimental data of Cardoso up to 
Tr, = 0.937. To extend the saturated-vapor locus to 
lower reduced temperatures, the saturated-vapor den- 
sities of nitrogen, oxygen and carbon monoxide’ were 
used in accordance with the principle of corresponding 
States for materials having similar critical compressi- 
bility factors. 


The excellent data of Olds, Reamer, Sage and Lacey” 
in the high-temperature region coupled with the reliable 
work of Kvalnes and Gaddy* at lower temperatures 
served to establish densities for pressures up to Pz = 20. 
The data of Schamp, Mason, Richardson and Altman,” 
Michels and Nederbragt,*” Keyes and Burks,” Keyes, 
Smith and Joubert” and those of Amagat*’ reinforce 
the information resulting from the data of Olds, et al, 
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and Kvalnes and Gaddy in the intermediate- to high- 
pressure region. The data of Kazarnovskii and Lev- 
chenko” extend the high-pressure data of Olds, et al, to 
temperatures up to T, = 3.08. 

To extend the isobars to the saturated-vapor line in 
the low-pressure region, extrapolations were made based 
on similar information available for the density of argon 
in this same region. These isobars, in the region where 
no methane experimental information existed, were gen- 
erated from the following relationship. 


Py) 
where the reference state was taken arbitrarily at Tr = 
1.0, below which no experimental PVT information was 
available for methane. The experimental information 
of Kamerlingh Onnes and Crommelin’ and the calcu- 
lated values of Hilsenrath* were used for argon. This 
method of calculation is justified because both argon 
and methane are non-polar substances having critical 
compressibility factors z, of 0.291 and 0.289, respec- 
tively. In these extrapolations, the intersections of the 
isobars with the saturated-vapor locus were kept consis- 
tent with the vapor-pressure behavior of methane. 

To develop the density behavior for the compressed- 
liquid region for which no methane data are available, 
the nitrogen data of Benedict** for this region were re- 
ferred to the saturated-liquid line along an isothermal 
path using the following relationship. 


(pr) (Pas) 

Through this approach, the density values were calcu- 

lated for compressed liquid methane up to pressures of 

P, = 20 and temperatures as low as T, = 0.5. 

The information given in Figs. 1 and 2 is again pre- 
sented in Figs. 3 and 4, respectively, with the data points 
eliminated. To extend the isobars above the highest 
temperatures reported in the experimental methane data, 
the compressibility factors of Nelson and Obert” were 
used with the relationship 


(3) 


In Eq. 3, the subscript denotes the conditions of a ref- 
erence methane data point which was arbitrarily se- 
lected as the terminus of the methane isobar developed 
from experimental data. In conjunction with this refer- 
ence point, temperatures T; > Tp, were selected along 
an isobar for which z values were obtained from the 
Nelson-Obert charts. Eq. 3 then permitted the calcula- 
tion of reduced densities for methane up to tempera- 
tures of T, = 10. The isobars extended in this manner 
are shown in Fig, 3 as dashed lines. 


DISCUSSION 


To obtain a better resolution than is possible from 
the included Figs. 3 and 4, Table 1 has been prepared 
from the enlarged original plots of these figures. 


The reliability of this study has been tested by com- 
paring the calculated values obtained from the enlarged 
plots of Figs. 3 and 4 with experimental density values 
reported by the various investigators. The over-all av- 
erage deviation, as obtained by comparing 200 experi- 
mental points from the 11 investigators and covering 
the entire PVT region, was calculated to be 0.90 per 
cent. The largest deviation of 2.21 per cent was encoun- 
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tered for the data of Cardoso for the saturated-vapor 
and saturated-liquid states. Furthermore, the superheated 
data of Amagat’’ reported in 1880 and 1881 also pro- 
duced a significant deviation of 1.65 per cent for 18 
points tested. 

The data of Olds, Reamer, Sage and Lacey” were 
found to be in best agreement with an average devia- 
tion of 0.53 per cent for 35 points. This represents the 
limit of accuracy that can be expected from direct 
reading of even the enlarged original plots* of Figs. 3 
and 4. The respective reliabilities of the various investi- 
gations are shown in Table 2. 

It will prove interesting to follow the comparison be- 
tween the PVT behavior represented in this study for 
methane and new data as they will appear in the liter- 
ature. The authors feel that the introduction of new 
data will not influence the region where experimental 
data are already present, but should prove valuable in 
establishing the reliability of the extrapolated regions 
of this study. 


NOMENCLATURE 
P = pressure, atm 
P, = critical pressure, atm 
P, = reduced pressure, P/P, 


*An 814- x ll-in. reproduction of Fig. 3 and an 11- x 11-in. 
reproduction of Fig. 4, with fine graph lines shown, are available 
upon request from the authors. 
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TABLE 1—REDUCED DENSITY VALUES FOR METHANE 


Saturated = =|. 
Tp Liquid Vapor P,=0.03 PR=0.06 P,=0.08 PR=0.10 P»=0.20 P,=0.30 PR=0.40 P,=0.60 PR 0.80 .00 
0.500 2.755 
0.550 2.674 2.610 
0.600 2.592 0.0138 2.527 
0.650 2.502 0.0258 
0.700 2.410 0.0455 0.0126 0.0171 0.0262 0.0364 a ako 
0.750 2.309 0.074 0.0117. 0.0159 0.0242 0.0333 0.0427 0.0665 ee 
0.800 2.195 0.115 0.0110 0.0149 0.0226 0.0310 0.0392 0.0608 ae 
0.850 2.060 0.173 0.0139 0.0211 0.0289 0.0366 0.0561 0.0777 0.124 qo 
0.900 1.899 0.264 0.0131. 0.0199 0.0270 0.0341 0.0523 0.0718 0.114 0.163 ; hee 
0.925 1.803 0.328 0.0128 0.0193 0.0261 0.0331 0.0508 0.0695 0.109 0.154 0.23 ‘ ue 
0.950 1.683 oO.414 0.0125 0.0188 0.0254 0.0320 0.0490 0.0668 0.105 0.147 0.255 
0.975 1.530 0.538 0.0121 0.0184 0.0248 0.0312 0.0478 0.0645 0.101 0.141 0.238 0.400 1.61 
1.000 1.000 1.000 1.0118 0.0178 0.0239 0.0302 0.0462 C.0624 0.0980 0.135 0.220 0.357 ee 
1.05 0.0112 0.0169 0.0228 0.0286 0.0437 0.0590 0.0915 0.125 0.201 0.304 0.438 
1.10 0.0107 0.0160 0.0216 0.0272 0.0413 0.0558 0.0862 0.118 0.185 0.274 0.377 
1.20 0.0146 0.0199 0.0247 0.0374 0.0502 0.0775 0.105 0.162 0.230 0.309 
1.40 0.0125 0.0167 0.0209 0.0318 0.0426 0.0646 0.0870 0.142 0.180 0.233 
1.60 0.0109- 0.0145 0.0182 0.0275 0.0368 0.0556 ©.0745 0.112 0.151 0.193 
1.80 0.0129 0.0161 0.0244 0.0326 0.0490 0.0655 0.0980 0.136 0.166 
2.00 0.0115 0.014% 0.0213 0.0290 0.0438 0.0582 0.0839 0.117 0.148 
2.50 6.0115 0.0173. 0.0231 0.0348 0.0462 0.0695 0.0925 0.116 
3.00 0.0143 0.0192 0.0288 0.0334 0.0572 0.0760 0.096 
4.00 0.0107. 0.0144 0.0215 0.0286 0.0428 0.0570 0.072 
5.00 0.0115 ©.0172 0.0229 6.0340 0.0455 0.057 
6.00 0.0144 0.6190 C.0284 0.0380 0.0473 
8.00 C.0108 0.0142 0.0213 0.0285 0.0355 
10.00 0.0113 0.0171 0.0230 0.0287 
Ta Poel oh 6 8 Pa=2.0 Pa=3.0 PR=5.0 Pa=6.0 Pp=20 
0.500 2.800 2.820 2.844 2.060 2.092 2.957 
0.550 2.730 2.750 2.780 2.808 2.838 2.906 2.962 
0.600 2.658 2.680 2.713 2.747 2.780 2.854 2.916 
0.650 2.582 2.606 2.647 2.683 2eJ22 2.801 2.870 
0.700 2.503 2.532 2.568 2.621 2.663 2.749 2.821 
0.750. 2.421 2.454 2.504 2.559 2.604 2.697 22775 
0.800 2.289 2.334 Psy 2.431 2.491 2.545 2.646 2.726 
0.850 2.183 2.238 2.288 2.353 2.424 2.480 2.593 2.676 
0.900 2.068 2.139 2.200 2.278 2.358 2.418 2.541 2.628 
0.925 2.003 2.085 2.152 2.238 2.323 2.387 2.517 2.601 
0.950 1.939 2.029 2.102 2.198 2.290 2.353 2.490 2.579 
0.975 1.868 1.970 2.055 2.158 2.253 2.322 2.463 2.557 
1.000 1.525 1.619 1.682 1.739 1.790 EOtt 2.003 2.062 2.119 2.219 2.289 2.438 2.532 
1.05 0.680 1.141 1.395 1.506 13595 1.782 1.900 12972 2.032 2.148 Zeee 2.387 2.485 
1.10 0.512 0.703 0.938 1.162 1.313 1.638 1.789 1.878 1.950 2.078 2.160 2.333 2.439 
1.20 0.388 0.488 0.593 0.712 0.843 fes22 1.526 1.637 1.788 1.939 2.038 2.231 2.346 
1.40 0.287 0.342 0.404 0.465 0.532 0.858 1.129 1.327 1.474 1.672 1.808 2.032 2.170 
1.€0 0.234 0.275 0.318 0.366 0.410 0.644 0.868 1.051 -1.209 1.434 1599 1.843 2.013 
1.80 0.201 0.236 0.269 0.303 0.344 0.530 0.710 0.869 1.005 1.238 1.410 1.687 1.880 
2.00 0.177. 0.208 0.236 0.267 0.298 0.455 0.605 0.744 0.866 1.085 1.253 1.560 1.776 
2.50 0.138 0.162 0.184 0.205 0.229 0.342 0.453 0.552 0.648 0.825 0.985 1.280 1.510 
3.00 0.114 0.133 0.152 0.169 0.188 0.280 0.367 0.450 0.528 0.678 0.310 1.095 1.310 
4.00 0.085 0.100 0.112 0.125 0.140 0.208 0.272 0.333 0.393 0.504 ©.610 0.840 1.035 
5.00 0.0678 0.0799 0.090 0.10C 0.113 0.166 0.219 0.266 0.315 0.405. O.497 0.685 0.865 
6.00 0.0566 0.0662 0.0750 0.0840 0.0940 0.139 0.283 0.223 0.263 0.340 0.422 0.588 - 0,740 
8.00 0.0428 0.0499 0.0568 0.0635 0.0710 0.105 0.139 0.170 0.200 0.260 0.343 0.458 0.588 
10.00 0.0342 0.0400 0.0458 0.0510 0.0575 0.0850 0.113 0.137 0.162 0.212 0.268 0.378 0.488 
TABLE 2—RELIABILITIES OF VARIOUS INVESTIGATIONS 19. Michels, A. and Nederbragt, G. W.: Physica (1936) 3, 
nvestigation oints Teste per cent 
aiaaat : 18 1.65 20. Nelson, L. C. and Obert, E. F.: Trans., ASME (1954) 
API Project No. 44 1 0.38 76, 1057. 
Cardoso 10 2.2) 
ons Levchenko Olds, R. Hs Reamer, H. Hie Sage, B. H. and Lacey, W. 
eyes an UrKS 
N.: Ind. Eng. Chem. (1943) 35, 922. 
Neubert 0.91 22. Rossini, F. D., Pitzer, K. S., Arnett, R. L., Braun, R. M 
21 0.82 and Pimentel, G. C.: Proj. 44, API, Carnegie Press, Pitts- 
Olds, Reamer, Sage and Lacey.............. 35 0.53 burgh (1953). 
Schamp, Mason, Richardson and Altman 21 0.65 
23. Rossini, F. D., Zwolinski, B. J., Canjar, L. N., Ries, H. J., 


16. Martin, J. J. and Hou, Y. C.: AIChE Jour. (1955) 1, 142. 


ze EES C. S. and Hurd, C. O.: Trans., AIChE (1946) 


18. ae A. and Nederbragt, G. W.: Physica (1935) 2, 
1000. 


400 


24. 


Bitler, L. P., Kerr, J. T., Beery, W. T. and Dunlap, A. B.: 
“Selected Values of Properties of Hydrocarbons and Re- 
lated Compounds”, Proj. 44, API, Carnegie Press, Pitts- 
burgh (1959). 

Schamp, H. W., Mason, E. A., Richardson, A. C. B. and 
Altman, A.: Physics of Fluids (1958) 1, 329. tok 
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The Effect of Vertical Fractures on Well Productivity 


W. J. McGUIRE 
V. J. SIKORA 
MEMBERS AIME 


INTRODUCTION 


Several years ago, we used an electric analogue com- 
puter to study the effect of vertical fractures on the 
productivity of wells in expanding fluid-drive reservoirs. 
The results of this work were used both as a guide to 
research and as a basis for the design of actual frac- 
turing operations, In 1958, Dyes, Kemp and Caudle’ 
published portions of the data from this study. The re- 
sults were released in 1959 to service companies for 
use in fracturing guides. 


The purpose of this note is to discuss the experi- 
mental conditions and assumptions which were made to 
derive the information which is already partially a mat- 
ter of public record. 


ASSUMPTIONS 


This study applies to fractures which extend in a ver- — 


tical plane symmetrically from the well. For simplicity, 
we chose to study the case of a well in a square drain- 
age area with its fractures extending toward two of its 
nearest neighbors. We have assumed no migration of 
fluid across the boundary of this area. The quadrant 
shown in Fig. 1 models this system. 


We made the usual assumptions that the reservoir 
is homogeneous and isotropic, that the fluid is homoge- 
neous and that production is effected by fluid-expansion 
drive. We also assumed that the fracture extends from 
top to bottom of the reservoir. 


Of more practical interest is our assumption that the 
fracture does not change the size of the drainage area. 
This premise is appropriate if all the wells in the reser- 
voir are fractured in the same way. But where a single 
well is fractured, its drainage area may be enlarged at 
the expense of its neighbors. This could be of economic 
importance. The assumption that the fracture will not 
extend beyond the established drainage area of the well 
also limits the application of the results. Such long frac- 
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tures will yield benefits in excess of those predicted 
here. 

When we assume homogeneity, we disregard the fre- 
quently observed zone of damage in the vicinity of the 
well. Where damage is severe, the benefits resulting 
from by-passing it will far exceed those predicted by 
this study. All comparisons were made of systems pro- 
ducing in the semi-steady state. By this we mean that 
equal volumes contributed equally to flow (pressure was 
dropping at a uniform rate throughout the system) when 
the rate of flow was observed. 


EXPERIMENTAL SET-UP 


We used the pool unit of an electric analyzer’ in this 
study. The square drainage system of a well was rep- 


Fic. 1— Fracrurep WELLS IN A SQUARE DRAINACE PATTERN. 
Suapep AREA INDICATES QUADRANT STUDIED. DAasHEp LINES 
Are DRAINAGE BOUNDARIES. 
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resented by 576 elements of equal volume and resis- 
tance. One-fourth of this area was studied as a model 
using a network of 144 condensers and resistors. 


Shunts of various lengths and resistances represented 
vertical fractures extending from the well into the res- 
ervoir perpendicular to the drainage boundary. 


The particular case of a six-inch diameter well drain- 
ing 40 acres was studied. By scaling, the results were ap- 
plied to all combinations of well diameter and spacings. 


RESULTS 


It is convenient to express the benefits derived from 
fracturing by comparing the well’s productivity index 
(ratio of production rate to pressure drop) before and 
after the operation. However, the conventionally de- 
fined productivity index requires knowledge of the pres- 
sure at the boundary of the drainage area. For both 
the radial and linear flow cases, these quantities can 
be calculated from bottom-hole pressure build-up data. 
But vertical fracturing changes the flow pattern to cne 
which is intermediate between radial and linear. 


In that case, the pressure varies from point to point 
along the external boundary during flow. Therefore, in 
order to express productivity index in terms of a meas- 
urable quantity, we define a generalized productivity 
index as 


where J = generalized productivity index, 
flow rate (BOPD), 


| 


II 


= average pressure within the drainage area 
(psi) and 


v 
| 


Pw: = bottom-hole flowing pressure (psi). 


Fig. 2 shows the dependence of well productivity on 
fracture length and conductivity. The ordinate is the 
ratio of generalized productivity indexes for fractured 
to unfractured cases multiplied by a scaling factor. The 
ratio of productivity indexes applies directly to the case 
studied (6-in. diameter well in 40-acre spacing). The 
scaling factor extends the application to wells of other 
diameters on other spacings. 


The abscissa expresses the ability of the fracture to 
conduct fluid relative to that of the formation. It is the 
ratio of two products — fracture permeability times 
fracture width divided by formation permeability times 
the width of the drained area (drainage radius). Prop- 
erly, the abscissa would be expressed as a dimensionless 
quantity, but for convenience we have substituted the 
quantity \/A (where A is the spacing in acres) for the 
drainage radius. We call the abscissa relative conduc- 
tivity. 

One check on the accuracy of the analyzer data may 
be made by calculating the generalized productivity in- 
dex of the linear flow system created by an infinitely 
conductive fracture to the outer boundary. This calcu- 


j= q lated value exceeded the experimentally derived, gen- 
i = jdrer eralized productivity index by less than 1 per cent. 
14 it i T 
3 (BASED ON GROSS THICKNESS) 
“L=FRACTURE LENGTH FROM WELL BORE, Ft. 
W*PROPPED WIDTH OF FRACTURE, in. 
kp = PERMEABILITY OF PROPPING 
“o 6 J =PRODUCTIVITY INDEX AFTER | 
> = PRODUCTIVITY INDEX | 
2 BEFORE FRACTURING + 


= 
+ 


Fic. 2— Increase Propuctivity FRACTURING. 
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RELATIVE CONDUCTIVITY, 


For this check, the experimental conditions represented 
a fracture with a relative conductivity of 10°. 


Let us examine some implications of Fig. 2. In reser- 
voirs with permeabilities between 1 and 10 md, frac- 
tures .0l-in. wide and packed with 20-40 mesh sand 
would have relative conductivities between 10° and 10°, 
respectively (assuming 40-acre spacing and assuming 
the permeability of 20-40 mesh sand to be 10° md). 
We expect many fracturing operations to give fractures 
with relative conductivities in this range. A glance at 
Fig. 2 tells us that, under these conditions, productivity 
is increased between two- and sixfold. In much of this 
region, furthermore, the benefits are almost independent 
of fracture length. 


Perhaps this explains the failure of many large ats. 
ture treatments to surpass small treatments in benefits. 
Such fractures can be made more effective by increasing 
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their relative conductivity. This can be done by prop- 
ping the fracture with large, high-strength particles such 
as aluminum pellets.” 


On the other hand, little is pained by increasing the 
relative conductivity of short fractures above 10° be- 
cause the undisturbed formation beyond their ends con- 
trols the rate of flow. 
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Discussion of “Effect of Viscosity Ratio 


on Relative Permeability 


P. E. BAKER 


INTRODUCTION 


A paper by A. S. Odeh* expounds a capillary-flow 
theory which purportedly provides a mechanism where- 
by relative permeability depends on oil-water viscosity 
ratio and may be greater than unity for high viscosity 
ratios. Core-measurement results are presented to sup- 
port the theoretical development. This paper presents 
arguments to indicate that (1) the theoretical. treatment 
is basically incorrect, (2) data reported are insufficient 
to support the conclusions and (3) literature cited does 
not support the theory or the conclusions. 


PROPOSED MECHANISM 


The essence of Odeh’s theory is that oil flows as a 
filament along the central portion of a straight, uniform 
capillary of radius r., filling the tube to a radius r;. 
Surrounding the filament of oil is an annulus of water in 
which exists vortex motion but no net flow. The water 
is described as being in “microscopic but not macro- 
scopic” motion. The oil filament is aided in its flow 
by moving upon the water vortexes as if on roller 
bearings. This process is presented as a steady-state 
flow condition. 

The first objection to the existence of vortexes in the 
presumed water layer is that the theory provides no 
mechanism whereby they can be established. This fact 
was mentioned by C. F. Weinaug in a discussion pub- 
lished with Odeh’s paper. The capillary contains no ir- 
regularities or obstructions, and the water is not pre- 
sumed to be in turbulent flow. Apparently, cylindrical 
symmetry is assumed; therefore, the supposed vortexes 
must be toroidal, the line of zero velocity being a circle 
concentric with and in a plane perpendicular to the 
axis of the capillary. This is a rather difficult picture 
to accept. 

The author referred to Yuster’s statement’ that he 
had observed the “spinning in place” of otherwise im- 
mobile water. Yuster’s article does not describe the 
conditions under which this motion was observed or the 
means used to observe it. However, the article does 
make clear that the observed motion was not in a 
straight, uniform capillary but, rather, apparently oc- 
cured in some kind of dead-ended pore space. Obvious- 
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ly, such a report cannot be considered as support for 
Odeh’s concept of two-phase capillary flow. 


THEORETICAL DEVELOPMENT 


The second objection concerns Odeh’s mathematical 
treatment of capillary-flow theory. His Eq. 2, if as- 
sumed valid, does not describe vortex motion, Although 
this is a “microscopic” equation (in his terms) in that 
it describes water motion in detail, it does not show 
variations of velocity along the capillary axis direction, 
nor does it contain radial or azimuthal velocity com- 
ponents which are necessary for vortex motion. Eq. 2 
actually describes a type of laminar flow; and, using the 
further development given in response to Weinaug’s 
comments, flow behavior is presented as follows. At 
the oil-water interface r = r,, water velocity is positive 
(same direction as oil flow). As r increases, velocity 
decreases to zero, then becomes negative and, finally, 
returns to zero again at the capillary wall r = r,. 


The validity also of Eq. 2 is questionable. The mathe- 
matical development starts with the well known Eq. 1, 
expressing equilibrium of viscous and applied forces 
in steady-state laminar flow in a straight, uniform, cir- 
cular capillary. 


d dv\ _ 
where v = velocity, 1 = viscosity, AP = pressure drop, 
L = length and subscripts o and w refer to oil and 


water, respectively. Next, Eq. 2 is given and the im- 
plication is strong that this equation was obtained by 
integrating Eq. 1. 
AP 2 2 (7 

In his reply to Weinaug, Odeh implies that Eq. 2 
was not obtained from Eq. 1. The fact is, as readily 
can be seen by differentiating and substituting, that Eq. 
2 is not an integral of Eq. 1. Thus Eq. 1 is not used. 


In his doctoral thesis, upon which the paper is based, 
Odeh describes the origin of Eq. 2 as follows. At the 
oil-water interface, a boundary condition is assumed to 
exist which is expressed by 


dv, dv. | AP 
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The Statement then follows that solving for v,, and 
using = 0 at r =r, gives Eq 2. 

Of course, Eq. 3 cannot be solved for v,, because 
this equation expresses a boundary condition only. 


Nevertheless, V» as given in Eq. 2 is a solution to an 
equation of the form 


AP 


However, no basis is laid for use of this equation as the 
equation of motion for the water, In fact Eq. 4 cannot 
be so used because it states that the force F acts 
throughout the water phase in contradiction to the pre- 
vious definition of F as an interface force. 


In summary, regarding the capillary theory, (1) no 
mechanism for producing vortexes is described, (2) 
the mathematical theory is very questionable and (3) 
even if valid, the resulting mathematical expression 
would not describe vortex motion. Less basically, either 
Odeh’s Eq. 7 and 8 are formed incorrectly or their 
notation is defined inadequately. 


In Yuster’s theory’ also, a filament of oil and a 
surrounding annulus of water are assumed to flow 
simultaneously in a capillary tube. In this case, how- 
ever, both water and oil are in laminar flow and Eq. 1 
is solved for both phases. Boundary conditions (using 
the previous notation) are as follow. 

Vio 
Vo =v, atr=r7;; 
v, is finite at r = 0. 

These give the following results: 


Vv. = + 5 (5) 
and 
AP 
( ) (6) 


In the first place, this theory cannot help Odeh be- 


cause it involves net flow of water, contrary to Odeh’s 
contention. In the second place, there is no evidence in 
Yuster’s article to indicate that r; has any stationary 
value other than 7; =r,.; steady-state filament flow 
was an assumption, not a result of the theory. a 


EXPERIMENTAL RESULTS 


It is well known that relative permeability measure- 
ments frequently show anomalous values traceable to 
experimental method or to a reactive core. Changes in 
wettability and movement of solid particles may change 
permeability during measurement. Capillary end effects 
also may be difficult to eliminate. Before the data can 


be accepted as presented, Odeh must explain how all of 


these problems were handled and, in detail, how his 
measurements were carried out. 

Even if it is assumed that Odeh reported only ac- 
curate and reliable data, the following information is 
needed to permit the reader to interpret the results: (1) 
the type of liquid used to measure the “liquid permea- 
bility” reported in Table 1; (2) water permeability at 
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100 per cent water saturation and oil permeability at 
100 per cent oil saturation; (3) apparent effect of oil vis- 
cosity on oil permeability at S, = 100 per cent; (4) 
water permeability change with salinity; (5) accuracy 
of reproduction on repeat runs; and (6) base used to 
calculate k,, and k,.,. 


Odeh should state also whether he found any cores, 


in the low-permeability range, that did not exhibit the 
viscosity-ratio effect. The effect described is supposed 
to be perfectly general, but positive results are shown 
for only two cores. Many more such experiments would 
be needed to justify overthrowing such a well estab- 
lished idea as nondependence of relative permeability 
on viscosity ratio. 


LITERATURE 


In addition to the article by Yuster.*, Odeh also cites 
Nowak and Krueger,’ Henderson and Yuster,’ and 
Sandberg, et al,’ on the subject of relative oil per- 
meabilities. None of these reports, however, support 
Odeh’s conclusions regarding the effect of viscosity ratio. 


Ref. 2 contains no experimental data. Ref. 3 con- 
tains results on gas-oil and water-oil relative permea- 
bility measurements but does not show any relative 
permeabilities greater than one and does not discuss 
viscosity effects. 


Ref. 4 is a-very good paper on the effects of drilling 
mud filtrate of different salinites on water-reactive 
cores. Measurements reported showed that the oil per- 
meabiliy of some clay-bearing cores was drastically 
changed by water flooding. Similar effects were not found 
in porous alundum cores used as control. The effects 
of clay-water interaction are now well established and 
are understood at least qualitatively; this phenomenon 
has nothing to do with Odeh’s theory. 


Ref. 5 reports a systematic study of the effects of 
flow rate and viscosity ratio on relative permeability 
measurements in cores ranging in permeability from 
413 to 757 md. The authors of that paper conclude 
and state explicitly that the only effect found due to 
increased oil-water viscosity ratio was increased dif- 
ficulty in eliminating end effects. 


REFERENCES 


1. Odeh, A. S.: “Effect of Viscosity Ratio on Relative Per- 
meability”, Trans., AIME (1959) 216, 346. 


2. Yuster, S. T.: “Theoretical Consideration of Multiphase 
Flow in Idealized Capillary Systems”, Proc., Third World 
Pet. Congress (1951) 2, 437. 


3. Henderson, J. H. and Yuster, S. T.: “Relative Permeability 
Studies”, Prod. Monthly (1948) 12, 13. 


4. Nowak, T. J. and Krueger, R. F.: “The Effect of Mud Fil- 
trate and Mud Particles upon the Permeability of Cores”, 
Paper No. 801-27E, presented at the Spring Meeting of 
Pacific Coast Dist., API (May 10, 1951) Los Angeles. 


5. Sandberg, C. R., Gourney, L. S. and Sippel, R. F.: “The 
Eftect of Fluid-Flow Rate and Viscosity on Laboratory 
Determination of Oil-Water Relative Permeability”, Trans., 
AIME (1958) 213, 36. took 


405 


Further Discussion of Paper Published in 
Transactions Volume 219 


Discussion on “Effect of Viscosity Ratio on 


Relative Permeability 


P. E, BAKER 


CALIFORNIA RESEARCH CORP. 
LA HABRA, CALIF. 


(Published as T. N. 2069) 


DISCUSSION 


A. S. ODEH 
MEMBER AIME 


The occurence of an oil filament aided in its flow 
by a spinning-in-place water was observed by Yuster 
during two-phase flow studies in thin sections under the 
microscope. Yuster reiterated to Odeh time and again 
that he observed this more than once. In developing 
the theory Odeh’* accepted Yuster’s observations, which 
he had no reason to doubt, and considered the capillary 
as having a constant radius. Admittedly, this introduced 
several approximations but it was accepted since the 
purpose of the analysis was not quantitative but, rather, 
to develop equations that would show a qualitative 
trend. 


The reasoning behind the derivation of Eq. 2 was 
as follows. If the water movement was laminar, then 
Eq. 1 applies. To correct for the departure from lami- 
nar flow in the water phase, a variable energy factor 
F was introduced. Thus, for the water phase, 

Np 

For r=r;,, Eq. 3 follows. Eq 2a was integrated to 
obtain Eq. 2. Since the object of the analysis was not 
F but, rather, to see if a viscosity ratio term appears in 
the final equation (and it was evident that it would 
apear in the Ap term), an average F was assumed and 
thus was treated as a constant. F then is a variable 
factor that makes Eq. 2a correct, or approximately 
correct. 


(2a) 
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Since Odeh’* never stated that Refs. 3, 4 and 5 sup- 
ported him, Baker must have inferred quite erroneously 
that just because Odeh listed them he meant them as a 
support. They were listed simply because they were 
reviewed. 


Yuster and Henderson were referred to on page 348, 
Col. 2, line 26 of Ref.-1 in connection with building 
the apparatus. Ref. 4 was listed because it reported oil 
permeability values in the presence of interstitial water 
which were higher than the 100 per cent water per- 
meability values. Also, if the author carefully reads 
Odeh’s thesis, he will find that Odeh referred to Sandberg 
as one of the investigators who did not find an effect 
for the viscosity ratio. 


Space limitation does not allow comment on Baker’s 
questions concerning the experimental procedure. How- 
ever, it should be pointed out to Baker that the effect 
of viscosity ratio on flow was reported by Templeton.’ 
No claim could be made that Templeton used reactive 
capillaries. 
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ABSTRACT 


Theoretical and potentiometric model studies have 
been made of the effect of non-uniform lateral permea- 
bilities on pattern sweep efficiency and production ca- 
pacity in waterflood and gas-cycling programs. 

It is shown that a difference in directional permea- 
bility by a factor of three may result in a sweep effi- 
ciency of only 43 per cent for a five-spot pattern or a 
sweep of either 79 or 38 per cent for a direct line-drive 
“square pattern, depending on the direction of the line- 
drive flood. Changes in the pattern conductivity varied 
from about 0.8 to 1.34 over this same permeability vari- 
ation, depending on the pattern used. 

It is suggested that measurements ‘be made to deter- 
mine the possible magnitude and extent of the direc- 
tional permeability phenomenon early in the field de- 
velopment and certainly prior to the initiation of any 
fluid-injection program. 


INTRODUCTION 


Irregularities in reservoir sand properties long have 
been a major difficulty to anyone attempting to ex- 
plicitly describe the field characteristics of oil produc- 
tion. In particular, it is well known that vertical and 
lateral permeabilities often differ appreciably; however, 
the existence of large regions with lateral permeabflity 
variation is not widely recognized. A number of years 
ago, extensive studies were conducted by the Secondary 
Recovery Research Laboratory of the Pennsylvania 
Grade Crude Oil Association, primarily on the Brad- 
ford field. Johnson and Hughes’ reported a permea- 
bility trend in the northeast-southwest direction. They 
indicated that flow in the preferred direction may be 25 
to 30 per cent greater in that direction than in the 
northwest-southeast direction. They also reported that 
similar effects may be found in other nearby fields. The 
origin of the permeability variation has been discussed 
by Griffith.” Hutchinson’ described the results of labora- 
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tory tests on limestone cores, pointing out that per- 
ferential directional permeabilities were significant in 
one-half of 10 formations studied and that the average 
permeability ratio was 16:1. 

Barfield, Jordan and Moore*® analyzed the fluid-injec- 
tion displacement performance in the Spraberry and 
reported that the effective ratio of permeability parallel 
to the major axis to the permeability perpendicular to 
this axis was 144:1 and that it inclined along an angle 
of about 30°. 

To prevent the reduction of sweep efficiency which 
would normally result from flooding or cycling in such 
reservoirs, well-spacing could be varied from the cus- 
tomary square to a diamond-shaped pattern. Johnson 
and Hughes’ presented a method for determining the 
desired shape. Another method will be discussed in 
detail in the next section. 

It is the purpose of this paper to investigate quanti- 
tatively the effect of directional permeability upon the 
sweep efficiency and production capacity of the five- 
spot and line-drive well patterns. Information currently 
in the literature will be applied to this particular prob- 
lem and augmented by a potentiometric model study. 

It is stressed that the effects herein discussed may or 
may not be of great importance because field data on 
this phenomenon are far too scant to form such an 
opinion. It is suggested that, if conditions similar to 
those found by Johnson and Hughes frequently exist 
(as may well be the case), more consideration certainly 
should be given to this problem. 


THEORETICAL CONSIDERATIONS 


A comprehensive treatment of the effect of irregular 
permeability distribution has been presented by Muskat.° 
He shows that, when permeability varies with direction 
such that k, 4k, ~k., Darcy’s law must be written 
separately for each direction. 


and 


k, op 
Ox 


He further shows that the equation describing the 
steady-state flow of fluid will be 
ke ox’ oy" 
Muskat shows that, by a simple transformation of co- 
ordinates, 


Zz 
one may obtain the usual from of Laplace’s equation, 
ax? ay? 
Hence, the phenomena which occur in a reservoir of 
uniform permeability described by dimensions x, y and 
Z pertain in a reservoir of non-uniform permeability 
described by dimensions x, y and z. 

It will be assumed for the purpose of this study that 
the effects of a variation in the z direction may be 
treated separately or that such variation does not ap- 
preciably alter the effects in the horizontal plane. 

As an example, consider a five-spot pattern in which 
k, and k, are the permeabilities parallel to the usual 
pattern boundaries as shown in the insert of Fig. 1. 
Let the center well be the injector. If the permeability 
in the x direction is twice that in the y direction (i.e., 
k, = 2k,), a greater portion of the injected fluid will 
flow in the x direction. Using Eq. 3, the pattern geo- 
metry may be changed such that the x dimension be 
foreshortened by a factor of \/2. Standard procedures 
may be used for investigating the resulting “trans- 
formed” pattern using k, as the uniform permeability. 
The properties of the original pattern, such as pressure 
distribution or flood-front position, may be learned 
from an inverse transformation of dimensions of the 
“transformed” pattern. Similarly, Eq. 3 may be used to 
determine the well position for a field of non-uniform 
permeability which would produce the results of a 
regular pattern in a uniform field. 


x= 


This indicated procedure has been used to investigate 
the effect of variable lateral permeability on the sweep 
efficiency and production capacity of both a five-spot 
and line-drive pattern. Muskat’s theoretical treatment 
of these patterns with variable dimensions has been 
used extensively. Five unsymmetric patterns were 
studied using potentiometric model techniques described 
elsewhere.** A 25-well model was constructed, and 
the center portion was studied to obtain the results 
presented here. This model assumes that the mobility 
ratio is one, a steady state exists, and gravity and capil- 
lary effects may be neglected. 


SWEEP EFFICIENCY RESULTS 


Fig. 1 shows the effect of differing permeability in 
the directions parallel to the pattern boundaries for the 
five-spot and line-drive patterns. Sweep efficiency is 
plotted along the ordinate vs the ratio of k,/k,. Note 
that, when k, equals k,, the sweep efficiencies of the 
five-spot and line-drive square patterns are near 72 and 
56 per cent, respectively. 


For certain patterns, it is not necessary to show the 
sweep efficiency at very large values of k,/k, because 
the reciprocal of k,/k, may be used and the answer 
read for the range of k,/k, from 0 to 1.0. Such is 
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the case for the five-spot pattern of Fig. 1; i.e., the 
sweep for k,/k, = 10 is the same as that for k,/k, = 
0.10, etc. The curves shown can be obtained from 
data presented by Muskat. These results are con- 
firmed within the experimental accuracy of the poten- 
tiometric model. Other data presented represent original 
work, 


The curve for the five-spot pattern indicates that the 
sweep efficiency decreases with k,/k,, reaches a mini- 
mum when k, = k, and increases with increasing k,/k,. 
Only slight variation is noted for values of k,/k, 
between 0.5 and 1.5. It should be stressed that these 
results pertain only for the particular directions of k, 
and k,. The permeabilities in the directions from in- 
jection to producers are all equal to (k,’ + k,?)?. 


The line-drive curve presents results of a different 
nature. For low values of k,/k,, which would mean a 
relatively high permeability in the injection-to-producer 
direction, low sweep efficiencies are indicated, High 
ratios of k,/k, result in high sweep efficiencies. In 
the former case, channeling effects are strong for 
low permeabilities normal to the injector-producer 
direction which prevent the flood front from spread- 
ing. The reverse is true in the latter case. The orien- 
tation of the flooding pattern with respect to di- 
rectional permeabilities is very important when line- 
drive spacing is used, Comparable importance is shown 
for the five-spot pattern in Fig. 2. 

Fig. 2 shows the effect of variable “diagonal” per- 
meabilities on sweep efficiency. The most pronounced 
effect is that shown for the five-spot pattern. Whereas 
only slight variation was seen when k,/k, was greater 
or less than one, a very abrupt reduction is noted when 
kya/kge differs appreciably from one. When is 
0.5 or 1.5 for example, sweep efficiencies of about 55 
and 61 per cent, respectively, are indicated. 


As in the previous example, the tendency for the 
fluid to cusp in the direction of greatest permeability 
results in a reduction of sweep efficiency. A reduced 
sweep efficiency results for both large and small values 
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kyz/kgw. An early breakthrough results at the north- 
east-southwest wells when ky, is greater than ks, and 
at the northwest-southeast wells when kyz is less than 
Kegan. 

_—-Only small variation in the sweep efficiency of a line- 
drive pattern with varying kyz/ksy is noted. The sweep 
_efficiency curve reaches a minimum when ky, equals 
Kyz. This result is not unexpected since such a variation 
does not greatly affect the flow between injector and 
producer. 

Fig. 3 shows the position of the flood fronts in a 
five-spot pattern when kyz/kgz is 10, 4, 2 and 1.25. 
When kyx/kgz is equal to one, breakthrough occurs at 
all four production wells simultaneously. For greater 
values of kyz/ksz, breakthrough occurs at the northeast 
and southwest wells at successively shorter times than 
those expected if the permeability were equal to the 
average of ky, and kgz and were uniform. 

Fig. 4 is a similar plot for the line-drive pattern when 
ky equals 4kgz. It is included to show that, for certain 
situations, breakthrough may not occur at the “usual” 
well. Here, for example, breakthrough of the water in- 
jected at the center well occurs at the northeast and 
southwest wells first. The influence of the “usual” wells 
of the pattern, including the center well, is shown by 
the shape of the flood front near the wells at the center 
of each side of the figure. 


PRODUCTION CAPACITY RESULTS 


In addition to the effects on sweep efficiency, variable 
lateral permeability also may have considerable influ- 
ence upon the production capacity of a pattern. 

Fig. 5 shows the effect of variable permeabilities on 
the five-spot and line-drive production capacities. These 
results were obtained by again considering a fore- 
shortened model as prescribed by Eq. 1. 


The ratio of the pattern production capacity to the 
production capacity when k,/k, is equal to one is 
plotted vs the ratio of k,/k,. The data pertain when 
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the distance between adjacent producers is kept fixed 
at 660 ft and when the well radii are 0.5 ft. The 
relative production capacity is equal to or less than one 
for all values of k,/k,. When k,/k, has values of 0.5 
and 1.5, for example the pattern production capacity is 
indicated to be about 89.0 and 98.5 per cent of that 
which would be obtained from a reservoir of uniform 
permeability equal to k,. 

The curve pertaining to a line-drive pattern shows that, 
when k,/k, increases, the production capacity decreases. 
An increasing k,/k, is equivalent to a narrowing of the 
pattern. 

Fig. 6 shows a similar trend for a five-spot pattern 
when the northeast-southeast permeability ratio is var- 
ied. Since d is held constant, an increasing kys/kgn 
ratio is equivalent to a reduction in the northeast-south- 
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west direction, thus reducing the separation between in- 
jector and producer. The result is the indicated sharp 
change in production capacity, The data shown are 
for a fixed value of Kaz. 


Fig. 7 shows some unusual effects which may be 
expected in flooding a reservoir having directional per- 
meability. This figure shows the differences in sweep 
efficiency which can be expected in flooding the same 
field, using the same basic pattern but different orien- 
tations. It was assumed that the pilot flood was con- 
ducted on a 10-acre pattern in which there were four 
injection wells, as shown on the left side of Fig. 7. The 
field floods are conducted with a five-spot pattern. The 
permeability ratio k,/k, was assumed to have the four 
values of 1, 3, 10 and 100, as shown on the figure. The 
following question arises. What would be the difference 
in the results of the pilot and field floods, due to dif- 
ference in orientation? The sweep efficiency in the pilot 
flood would be very good; that is, the sweep might 
be near 72, 77, 90 and 100 per cent, respectively. 
When the field was developed on a 20-acre pattern, 
however, the sweep efficiencies would be 72, 43, 12 
and about 1 per cent for permeability ratios of 1, 3, 
10 and 100, respectively. This tremendous difference 
in sweep efficiency would occur as a result of a re- 
orientation when changing spacing. 


In reviewing Fig. 7, it will be noted that the five- 
spot flood in the pilot or 10-acre pattern is conducted 
at an orientation similar to those conditions shown in 
Fig. 1, whereas the 20-acre pattern results in an orien- 
tation similar to that shown in Fig. 2. If the permea- 
bility orientation in the field were to be revolved 45° 
from that shown in Fig. 7, the sweep efficiencies would 
be reversed. 


Hutchinson’ reports that the afore-mentioned phe- 
nomenon may have occurred in the North Burbank 
field. The pilot flood provided a good sweep efficiency, 
but the initial field food provided very por results, 
which was corrected by a change in pattern orientation. 

Table 1 shows a comparison of sweep efficiencies for 
various permeability ratios oriented at 90° and 45° 
for the cases of the five-spot and line-drive patterns. If 
the permeability ratio is near .1 and the orientation is 
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90° as shown, it is apparent that the flood should be 
conducted with a five-spot so that the flow is substan- 
tially 45° to the line of directional permeability. This 
would provide a sweep efficiency of 90 per cent, where- 
as other sweep efficiencies could be only 10 to 12 per 
cent. If k,/k, equal one, the five-spot pattern usually 
is considered superior insofar as sweep efficiency alone 
is concerned. If k,/k, equals three, the line-drive pat- 
tern will provide an 80 per cent sweep if it can be 
conducted at 90° to the line of directional permeability. 
The five-spot pattern would provide a 77 per cent sweep 
efficiency if it could be oriented at 45°, but only 43 
per cent if it were oriented at 90°. When k./k, equals 
10, the line-drive pattern is definitely superior for a 
flood oriented at 90° and the five-spot pattern is su- 
perior for an orientation of 45°, Very pronounced ef- 
fects on the flooding efficiency can be expected if k,/k, 
is 100 or greater. 
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TABLE 1 — COMPARISON OF SWEEP EFFICIENCIES 


45° 
pe Five Line Five Line 
ky Spot Drive Spot Drive 
0.1 2 10 90 60 
1 72 56 72 56 
3 43 80 77 59 
10 15 95 90 59 
100 1 100 100 
CONCLUSIONS 


The present study was conducted primarily to de- 
termine the magnitude of the effects of a non-uniform 
lateral permeability; of chief concern was the effect 
upon pattern sweep efficiency. 

The results show that the effect of variable lateral 
permeabilities depend to a great extent upon the orien- 
tation of the pattern with respect to the permeability 
variation. In both the five-spot and line-drive patterns 


the greatest effect was noted when the permeability in 


the injection-producer direction was varied. 


Some unusual results may be expected from flooding 


in a reservoir having different directional permeabilities. 
Suppose a field has been developed on a square pattern 
with well rows running north-south and east-west. If 
the permeability in the east-west direction is three times 
that in the north-south direction, a study of Figs. 1 and 
2 indicates that a north-south line-drive square pat- 
tern possibly will be best for the flood pattern. The 
sweep efficiency of the five-spot pattern would be only 
about 43 per cent, whereas the north-south line-drive 
would be about 79 per cent. An east-west line-drive 
~ would give a sweep of only 38 per cent. 


The effect of lateral permeability variation on pro- 
duction capacity was found to be less than the sweep 
efficiency effect. Such a result is not surprising since 
most of the resistance to flow occurs near the well and 
is less affected by a small variation in the well spacing. 
Changes of less than 4 per cent are found for permea- 
bility ratios up to 70 per cent. 

At least three methods may be used for measuring 
directional permeability trends and two of the methods 
are known to have been employed. = 


1. Hutchinson’ describes the technique of obtaining 
oriented or marked cores from the reservoir and using 
whole core methods, measuring the permeability, ro- 
tating the core through several degrees and re-measur- 
ing the permeability to thereby establish the trend. 


2. In the study reported by Barfield, Jordan and 


Moore,® an analysis of the reservoir performance of the 
pilot injection program was made, The field was known 
to be fractured, and the wells within the pilot behaved 
in an unusual manner. Because of this, the usual met- 
hods of analyses were not sufficient for evaluating the 
pilot flood performance. It was concluded that the an- 
alysis must take cognizance of a major fracture trend, 
including orientation and ratio of permeability parallel 
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and normal to the major axis. All known reservoil 
characteristics, as well as injection and producing rates. 
were utilized in the process. The calculation phase was 
a trial-and-error procedure to obtain the best match 
of actual flood performance with assumed values of 
reservoir properties. In a final analysis, it appeared that 
the effective ratio of permeability parallel to the major 
axis to the permeability perpendicular to this axis was 
approximately 144:1 and inclined along an angle of 
about 30°. 


3. The orientation of the permeable zone also may 
be determined during primary production. If surround- 
ing wells are shut in, the normally circular isopotentials 
which would be obtained for a uniform homogeneous 
reservoir will become ellipses, the shapes of which are 
governed by the effective permeability ratio and direc- 
tion, Consequently, by measuring the pressure at wells 
surrounding a production well, it may be possible to 
estimate whether or not directional permeability does 
exist and, if so, the effective value of its magnitude and 
its direction. 


NOMENCLATURE 


k, = permeability in the p direction 
p = fluid pressure 
V2,Vy,¥, = VOlume flux density in the x, y, and z 

directions, respectively 
js = the fluid viscosity 

x, y and z = position variables transformed according 

to Eq. 3 
x, y and z = direction variables 
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INTRODUCTION 


Nonsteady-state flow of slightly compressible liquids 
in porous media of non-uniform properties has been 
the subject of a number of recent studies.** Most of 
these studies considered one-dimensional flow in systems 
with cylindrical geometry and with the properties of the 
porous medium varying with radial distance only. 


A. Houpeurt’ studied the problem in its general form 
by examining the solutions of the differential equation, 


op 1 op 1 0k op op 
() 


In Eq. 1, the permeability k and the porosity @ are 
arbitrary functions of radial distance. Houpeurt con- 
cluded that, except for special forms of the functions 
ki and ¢:,), the problem is not well suited for mathe- 
matical treatment, but lends itself to high-speed digital 
computation. 


Carslaw and Jaeger’ discussed the solution of Eq. 1 
for the case in which the permeability varies as a power 
of the radial distance. P. Albert’ studied analytically the 
pseudo steady-state solutions in systems of finite radial 
extent and non-uniform properties. He also obtained 
some numerical solutions for nonsteady-state flow using 
a high-speed computer. William Hurst* examined the 
interference pressure drop due to a point sink located 
in an infinite system consisting of two permeability re- 
gions in series. In this case, the permeability changed 
at a radial distance r from the point sink. 


INTERFERENCE BETWEEN OIL FIELDS 
IN A NON-UNIFORM AQUIFER 


The interference pressure drop for oil fields lo- 
cated in an extensive aquifer of uniform properties is 
discussed in a number Of places in the literature.°* This 
work considers the interference pressure drop for oil 
fields located in a non-uniform extensive aquifer com- 
prising two regions of different properties as shown in 
Fig. 1. 


Region I of the aquifer extends from r,, which is 
the radius of Oil Field A, to ar,, where a>1. It has 
permeability k,, porosity }, and effective compressibility 
¢, Oil Field B is located in Region II which extends 
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from ar, to infinity and has different properties from 
those of Region I, but the same formation thickness h. 
Region II has permeability k., porosity ¢. and effec- 
tive compressibility c:. 

The choice of this type of aquifer should not imply 
that it is of frequent occurrence. It is chosen primarily 
to illustrate the effects of non-uniform aquifer proper- 
ties on oilfield interference. It is of interest to point out 
that a non-uniform radial aquifer in which both the per- 
meability and the porosity are inversely proportional to 
the radial distance can be treated in a manner similar to 
a linear aquifer of uniform properties. The situation 
where only the permeability varies as the inverse of the 
radial distance is also amenable to analytical treatment. 
Both aquifers behave quite differently from a radial 
aquifer with uniform properties so far as the water in- 
flux and the interference pressure drop are concerned. 


METHOD OF SOLUTION 


The expression for the interference pressure drop in 
Oil Field B due to a constant rate of water influx in 
Oil Field A is developed in the Appendix. This is ac- 
complished by the simultaneous solution of two partial 
differential equations describing the pressure in Regions 
I and II. The two differential equations are solved sub- 
ject to the following conditions: (1) at r,, the pres- 
sure gradient is constant; (2) at ar,, the pressure and 


AQUIFER REGION I 


AQUIFER REGION IL 


Fic. 1—Otrietp INTERFERENCE IN A NON-UNIFORM AQUIFER. 
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| 


the flux are continuous; and (3) as r goes to infinity, 
the interference pressure drop vanishes. 


From the analysis shown in the Appendix, the inter- 
ference pressure drop at the center of Oil Field B due 


si a rate of water influx q in Oil Field A is given by 
2. 


Aps(rosto) = ( + 


4t,/a 1 
4 -2B1 

4t,/a roy 0 (= (2) 
where rp is equal to the distance between the centers of 
Oil Fields A and B divided by the radius of Oil Field 

a, = Bade 18 
the liquid viscosity. — E,( — x) is the exponential ‘jn- 
tegral and is tabulated in Ref. 8. When the rate q varies 
as a function of time, the superposition principle can 
be used as shown in Ref. 5. 


t 
A, tp = 
OAs 


DISCUSSION OF SOLUTION 


Eq. 2 gives the interference pressure drop in Field B 
in the form of an infinite series. The first term of the 
series, — E,(—x), depends only on the properties of 
Region II and increases in magnitude as dimensionless 
time increases. The second and higher-order terms de- 
pend on the properties of both regions and vanish for 


kit 
large values of dimensionless time, tp) = ——_—--__ It 


must be mentioned here that dimensionless times smaller 
than 100 are almost always involved in oilfield interfer- 
ence studies. In fact, values of dimensionless time con- 
siderably smaller than 100 are usually involved in deal- 
ing with fields of large areal extent. To obtain reliable 
results, the second term and (if necessary) higher-or- 
der terms should be included in the expansion of Eq. 
2. The other alternative is to apply numerical analysis 
to Eq. 1 and employ analog or digital computation. 


As a guide to the use of Eq. 2, the interference pres- 


sure drop, in the case where = = 10, gc: = dic, and 


a= 4, was examined both numerically and with the 
use of Eq. 2. In this case, after neglecting the third and 
higher-order terms Eq. 2 becomes 


Led 


are 


4e 4tp 
D DY 
The numerical solution is based on central difference 
approximations’ of Eq. -1 and was performed on an 
IBM 704 computer. The interference pressure drop at 
rp = 4, for the numerical solution and for Eq. 3, is 
plotted in Fig. 2 as Curves B and D, respectively. Fig. 
2 shows that Eq. 3 and the numerical solution agree 
within 3 per cent for all t) > 70 and that the agreement 
improves as dimensionless time increases. The first term 
of Eq. 3 represents the point-sink solution and is plotted 
as Curve C in Fig. 2. Curve C shows that, at tp) = 70, 
the point-sink solution leads to an interference pres- 
sure drop 21 per cent higher than the numerical solu- 
tion. 
To illustrate the difference between the behavior of 
uniform and non-uniform aquifer systems, the numer- 
ical solution for the interference pressure drop in the 
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LEGEND 


4.0 


NON@UNIFORM SYSTEM HAS PERMEABILITY k, FROM rwTO 4rw 
AND kz FROM 4rw TO INFINITY, = 10 : 
UNIFORM SYSTEM HAS PERMEABILITY k> FOR ALL r>rw 
CURVE A, FOR UNIFORM SYSTEM UY 
B, FOR NON-UNIFORM SYSTEM 
C, FIRST TERM OF EXPANSION OF EQ 3 VA 
FOR NON-UNIFORM SYSTEM A 
D, FIRST AND SECOND TERMS OF Ve 
EXPANSION OF EQ 3 FOR NON- 
3.0;-— UNIFORM SYSTEM 


(560) 


; 


10 2X10 5 X10 102 2x10 5x102 
x kat 
Fic. 2—DIMENSIONLESS INTERFERENCE PrEessuURE DROP AT Tp 
= 4 vs DimeENsIONLESS Time, UNIForRmM AND NON-UNIFORM 
INFINITE RapraL Systems. 


Ap 


non-uniform aquifer previously mentioned is compared 
with the numerical solution for the interference pres- 
sure drop in a uniform aquifer of permeability k,. The 
comparison at rp = 4 can be seen from Curves A and 
B of Fig. 2. Curves A and B point out that, for rp = 4, 
the interference pressure drop in the uniform system is 
220 per cent and 25 per cent higher than in the non- 
uniform system at tp = 20 and 70, respectively. For rp 
= 4.925, the values for the uniform system are 300 per 
cent and 35 per cent higher than in the non-uniform 
system at tp = 20 and 70, respectively. 


CONCLUSIONS 


From the analysis and discussion given earlier, it can 
be concluded that in studying oilfield interference the 
variation in the properties of the aquifer must be taken 
into account to obtain reliable results. This is true be- 
cause relatively small values of dimensionless time, 


tp ee are involved in dealing with oilfield be- 

w 
havior. On the other hand, oilwell interference analyses 
usually involve fairly large values of dimensionless time 
because dimensionless time is inversely proportional to 
the area of the sink. For this reason, some attractive 
simplifications are permitted in dealing with oilwell in- 
terference. These simplifications, when applied to oil- 
field behavior, can lead to appreciable errors. 
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APPENDIX 


DIFFERENTIAL EQUATIONS AND BOUNDARY 
CONDITIONS 


The pressure behavior of Regions I and II can be 
expressed by the differential equations, 


1 
and 
ers 
together with the boundary conditions for t > 0, 
0(AP. 
i = — (i.e. rate case), (3) 
orp 
k, 0(AP,») 0(AP2p) 


where AP,» > 0 as rp > ~©; APyy = AP» = 0 every- 
where at t = 0; AP,, and AP., = dimensionless pressure 
changes in Regions I and II, respectively; rp = dimen- 
sionless radial distance als ; and a, and a, = — 
Pio 1 

: 
ae respectively. By applying the Laplace trans- 
form to the partial differential equations (Eqs. 1 and 
Z), we obtain two ordinary differential equations which 
have the solutions 


and 

Pe Sturn) + sero). 
where P, and P, are transforms of AP,, and AP,», re- 
spectively. 


ands? = [ e*'(AP2»p) dt. 


0 
I, and K, are modified Bessel’s function of the first and 
second kind, respectively, and nth order. A,, B,, A; 
and B, are integration constants which are determined 
by transforming the boundary conditions (Eqs. 3, 4 
and 5) and applying the results to Eqs. 6 and 7. Thus, 


P, 
(2) 
(8) 
where 
A, = [Ki(/ sen) + 
[L(V sex) ], 
and 


A, = sen) — 


414 


PRESSURE DRopP IN REGION 


The pressure distribution in Region II is obtained next 
from the inverse transform of Eq. 8. To perform the 
inversion, the denominator is expanded using the fol- 
lowing definitions’ of I,(z), K.(z) and K,(z). 


1 
(+) 


and 


where In y = 0.57722, “Euler’s Constant”. 
= 
(k,/k2) 


{1 + BS] + (=) [C + D8] + 


\ Ko(\/ aS a 
[A + Ba) + ( 


Samy 
4 


B 1, and 


C and D = functions of a, a2, k,, ks, w and a. 
The inversion of Eq. 9 yields 


k, 


e  4to[ A 4t,/a 1 
—_——,_|— — B1 + 0f —- 
The last term of the expansion was obtained by the 
convolution theorem. From Eq. 10, the pressure drop 


in Region II associated with a constant rate of with- 
drawal q is given by 


where 6 = In 


? 


_ 
Toy 


It is of interest to point out that, in the special case 
where Regions I and II have the same properties, Eq. 
11 reduces to 


dp e 4tp 


4tp 1 


Eq. 12 was given by Ritchie and Sakakura” for an 
infinite system of uniform properties and internally 
bounded by cylindrical geometry. kkk 
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An Improved Method for Calculating Water Influx 


R. D. CARTER 

JUNIOR MEMBER AIME 
G. W. TRACY 
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ABSTRACT 


A method based on an approach by Hurst’ is developed 
for calculating water influx behavior. Using this method, 
superposition calculations may be eliminated. The princ- 
ipal difference between this method and that of Hurst 
is that, over finite intervals of time, constant oil-produc- 
tion rates are assumed by Hurst whereas constant water 
influx rates are assumed in the presently_ described 
method. 


By adopting the assumption of constant water influx 
rate for finite time periods, a method is developed for 
calculating water influx behavior which lends itself to 
convenient combination with the material balance equa- 
tion in the Schilthuis form. Above the bubble point, an 


equation is given for the explicit step-wise calculation 


of pressure history for a prescribed oil-production his- 
tory. Use of this method of calculating water influx 
behavior should result in a considerable saving of time 
as compared to superposition calculations when the cal- 
culations must be made without using a digital com- 
puter. 

The connection is shown between the method de- 
scribed herein and the method developed by van Ever- 
dingen and Hurst’ (which requires superposition cal- 
culations). Also, results obtained using the two methods 
are compared. 


INTRODUCTION 


While the method of van Everdingen and Hurst’ is 
in many respects a satisfactory way of calculating water 
influx behavior, the superposition calculations involved 
make it a tedious procedure when the work is done 
without using a digital computer. 

Hurst’ has presented an approach to the problem 
which eliminates superposition calculations, in many 
cases at small expense to accuracy. It is the purpose 
of this paper to present a method of calculating water 
influx which is based on the approach of Hurst’ and 
which may be conveniently combined with the ma- 
terial balance equation in the Schilthuis form. The 
relation will be discussed between the method of van 
Everdingen and Hurst’ and the method described here- 
in. Examples of results using the two methods are given. 
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MATHEMATICAL DEVELOPMENT 


By means of the convolution integral,’ cumulative 
water influx is expressed as a function of varying field- 
perimeter pressure by 

t 

If water influx is approximated by a series of constant 
rate intervals, it can be expressed in the following al- 
ternative forms. ; 


Letting i = j — “1 and combining Eqs. 1 and 2b, 


t 
Ap(A)O'(t, — A) Wt, ) 
(ty, = (3) 
The right-hand side of Eq. 3 describes water influx 
history from t, , tot,. The right-hand side of Eq. 3 
does not, of course, explicitly describe water influx as a 
function of time fort, 


In taking the Laplace transform of a function of fp, 
it is necessary that the function be defined for tp > 0. 
If the transform of the right-hand side of Eq. 3 is 
formally taken, regarding W,(t, _) as a constant, the 

j-1 
transform of a fictitious water influx history is obtained, 
which happens to coincide with the approximation to the 
“true” influx history from to t, . Fig. 1 illustrates 

the relationship between the “true” influx history and 
the fictitious influx history. 

Taking the transform of Eq. 3 with respect to t, , 

— 


Solving for Ap and taking the inverse transform gives 


B,SApO = 


Pr(t,) 


This inversion is obtained utilizing the identitity > 


=SP 0, which is shown in Ref. 2. 
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— — — FICTITIOUS INFLUX HISTORY 


tak USED AT STEP FROM tp,_, TO tp, 

¢ | ——— APPROXIMATION TO ACTUAL 
HISTORY 

5 = 


CUMULATIVE WATER INFLUX 
\ 
\ 


DIMENSIONLESS TIME 


Fic. 1—Diacram Fictitious WATER INFLUX 
History AssuMED IN Present Metoop To INFLUX 
History Usep ror SUPERPOSITION CALCULATIONS. 


Now, by combining Eqs. 1 and 2a, solve for Ap(t, ) 
by means of the Laplace transformation, utilizing the 
“step function” transform to represent the entire history 
of W(t, ) as given in Eq. 2a. The result is the sup- 
J 


perposition formula given by van Everdingen and 
Hurst,” 


1 
Ap(t, ) AP (ty ,) +S (a; — a;-.) P(t), ty) 


(6) 


Notice that the “true” influx history of Fig. 1 is 
utilized in Eq. 6, and the fictitious influx history is uti- 
lized in Eq. 5. Eq. 5 is an approximation to Eq. 6 which 
improves as the time intervals used in both cases are 
lengthened. The approximation will also be improved 
the less abrupt are the changes in water influx rate 
from interval to interval. 


Solving Eq. 5 for a;_,, 


BAp(t,) — P'(to,) 


(7) 


Substituting Eq. 7 mto Eq. 2b and letting i = j — 1, 


BAP(t,) — )P’(ty,) 
W j j-1 j 


Above the bubble point, the material balance equa- 
tion is written 


NB,c Ap(t, ) = N,(t, )B, cAp(t,)] 


Substituting Eq. 8 into Eq. 9 and solving for Ap(t, ), 


Ap(t,.) 
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P 
N(t,) + W(t, ) — W(t, | 
: 
NG +B Dy 


Notice in Eq. 10 that all quantities on the right-hand 
side are either known from the previous step or are 
obtained from tables of functions. Trial-and-error meth- 
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od is eliminated by employing Eqs. 10 and 8 in that 
order at each time step. 


COMPARISON OF RESULTS OBTAINED BY 
USING IMPROVED METHOD AND 
SUPERPOSITION METHOD 


Fig. 2 shows the actual pressure history for a Rocky 
Mountain area field, the pressure history calculated by 
the superposition method (Eq. 6), and that calculated 
by the improved method (Eq. 5). The same basic data 
were used for the two calculated curves. Specifically, 
(ty, = ty) was taken to be five which corresponds to 
a (t; — t;,4) =0.5 years, B, = 23.168 and the water 
influx history shown in Fig. 3. The pressure fluctuation 
is severe, yet there is good agreement between the 
curves. Fig. 4 shows predicted pressure history for the 
field as computed by the superposition method (the 
superposition equation for cumulative water influx given 
by van Everdingen and Hurst,’ and Eq. 9), and the 
improved method (Eqs, 8 and 10). Again, there is 
good agreement between the curves. 


CONCLUSIONS 


A method of calculating water influx behavior is 
developed which (1) eliminates superposition calcula- 
tions, and (2) gives results which closely approximate 
those obtained with the van Everdingen-Hurst (super- 
position) method. 


NOMENCLATURE* 


a;_, = water influx rate, barrels per dimensionless 
time unit for the jth interval 
B, = constant of proportionality (B, = 1.1191 ¢ 
Cw,hr,s assuming radial symmetry) 
Cc, = composite compressibility of oil reservoir 
(including oil, rock, water), psi* 
Cwr = composite compressibility of water and rock 
in aquifer, psi~ 
P(tp) = functions as defined and tabulated in Ref. 2 
P’(tp) = first derivative of P(tp) 


*For definition of other symbols, see AIME Symbols List, Trans., 
AIME (1956) 207, 363. 
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P= Laplace transform of P 
Q(tp) = functions as defined and tabulated in Ref. 2 
Q’(tp) = first derivative of Q(tp) 
ra) = Laplace transform of Q 
r. = radius of perimeter of field, ft 


S = Laplace transform argument 


s = fraction of the perimeter of a circle that the 
original water-oil boundary constitutes 


t; = elapsed time at the end of the jth interval, 


t 


D; 


days 


jth interval (for radial symmetry, 


6.3 Kt; 


Ap(t,) = p(0) — p(t,,), psi 
A = argument of integration 
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Thermal Characteristics of Porous Rocks 
At Elevated Temperatures 


W. H, SOMERTON 
MEMBER AIME 
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ABSTRACT 


Thermal diffusivities of some typical sedimentary 
rocks have been measured by a rapid unsteady-state 
technique. Thermal data including diffusivity and con- 
ductivity are presented for the temperature range of 
200° to 1,800°F. 


Diffusivities calculated from steady-state conductivity 
measurements compared favorably with unsteady-state 
data at the lower temperatures. Unsteady-state data are 
less reliable at higher temperatures; reported values may 
be as much as 20 per cent high at temperatures in ex- 
cess of 1,500°F. This is caused partly by the simplified 
method used in calculating diffusivity from experimen- 
tal data and partly by the many thermal reactions which 
occur at the higher temperatures. 


The marked decrease in thermal diffusivity and con- 
ductivity at elevated temperatures indicates the impor- 
tance of considering the temperature dependence of 
thermal properties in subsurface heat-transfer calcula- 
tions. Knowledge of the effects of liquid saturation, 
overburden and pore pressures, and heats of reaction of 
reservoir materials will be required before complete 
subsurface thermal analyses may be made. 


INTRODUCTION 


Heat-transfer calculations are becoming increasingly 
important in the analysis of in situ combustion and un- 
derground nuclear explosions. Thermal data for natural 
rock materials at elevated temperatures are generally 
unavailable. Calculations at high temperatures may be 
grossly inaccurate if temperature-dependent thermal 
properties of rocks are not considered. 


It is known that the heat capacities of rocks increase 
with temperature. Heat capacities may be calculated 
from chemical or mineralogical analyses of the rock 
system." Thermal bulk expansion of rocks is believed 
to be small, although few data are available. Thermal 
conductivities of most natural rock materials decrease 
with increased temperature. Thermal diffusivity, defined 
as the thermal conductivity divided by the product of 
the heat capacity and the bulk density of the material, 
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is used in unsteady-state heat-transfer calculations. It 
is apparent that thermal diffusivity decreases markedly 
with increased temperature. 

A new method, which gives a nearly continuous rec- 
ord of thermal diffusivity within the temperature range 
of 200° to 1,800°F and requires less than 1.5 hours 
for the run,” was used to measure the diffusivity of sev- 
eral sedimentary rocks. Thermal conductivities were 
calculated from measured bulk densities, heat capacities 
calculated from chemical analysis and the measured 
diffusivity values. Thermal conductivities were measured 
at lower temperatures by a steady-state technique’ to 
test the agreement of data obtained by the two methods. 


METHOD OF MEASUREMENT 


THEORY OF METHOD 

The method of measuring diffusivity involves the 
heating of a long cylindrical sample at a constant rate 
of temperature rise and continuously recording the sam- 
ple-edge temperature and the differential temperature 
between the edge and center of the sample. 

For the initial and boundary conditions applicable 
to this case, the solution of the basic, differential heat- 
flow equation for constant diffusivity is given by** 

oO 


<—)+25 
4a aa 
n=1 
J\(rB,) 


where T = temperature at any radius, r, 


T, = initial temperature, 
h = heating rate, 
t = time, 
a = radius sample center-to-edge thermocouples, 
r = any radius, a >r>0, 
a = thermal diffusivity, 
J, = Bessel function, first kind, zero order, 
J, = Bessel function, first kind, first order, and 
B, = roots of the Bessel equation: J, (aB,) = 0. 


The right-hand term of Eq. 1 represents the initial 
transient period of heating which, for the present sys- 
tem, vanishes in less than two minutes. After the initial 
transient period, a linear variation of center temperature 
with time prevails. Eq. 1, thus, may be solved for dif- 
fusivity as a function of temperature differential (AT) 
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| 
| 
| 

— 


between the edge and center of the sample. 
For temperature-dependent diffusivity, a solution of 
the basic heat-flow equation normally is not possible. 
In the present case, however, it is possible to relate the 
variation of diffusivity with time because of the con- 
stant heating rate and because there is a simple inverse 
relationship between diffusivity and temperature. The 
solution for this case has been presented by Boozer. 
The final equation is 


co 
(06, 
T(r,8) = T, Bulo(rBy)[ 
ab 7,(aB,) + b/a, 
n=1 
bes 1 
a,B (B+ b/a,) Be 


(a4 
where §6= — 


In (1 + bt), and 
b and a, are constants relating a to time: 
Qo 
t 


With temperature-dependent diffusivity, the tempera- 
ture differential does not attain a constant value. Eq. 3 
has been solved for known diffusivity data by use of a 
digital computer. The calculated AT’s were then used 
to back-solve for diffusivity from Eq. 2. The error in 
using Eq. 2 for calculation of variable diffusivity ranged 
from 2 to 20 per cent, the error being greater at higher 
temperatures and for samples showing a greater varia- 
tion of diffusivity with temperature. It was concluded 
that the use of Eq. 2 for calculation of diffusivity by 
the present method was satisfactory to provide data for 
engineering purposes. 


EQUIPMENT AND PROCEDURE 


Preparation of test specimens and experimental equip- 
ment have been discussed in detail elsewhere.”* Cylin- 
drical test specimens 1¥ in. in diameter X 634-in. long 
are cut and drilled to accommodate differential and 
edge-temperature thermocouples. The test specimen is 
placed in an electric furnace and, with an automatic 
controller, a heating rate of 22°F/min is applied. The 
edge temperature and three edge-to-center temperature 
differentials are recorded. 

Description and physical properties of the samples 
tested are given in Table 1. 

An initial heating run from room temperature to ap- 
proximately 1,800°F was made on each sample. This 
run was necessary to determine the presence of tempera- 
ture anomalies. Dehydration, a — @ quartz inversion 
and other reactions cause disturbance of the AT curves. 
On the second sample of each material, the heating rate 
was interrupted and the temperature held constant 
through completion of each reaction. After completion 
of the reaction, heating rate was re-established and the 
test continued. This procedure was necessary to elim- 
inate heats of reactions from the diffusivity calculation. 

Repeat runs were made on the reacted materials to 
provide additional diffusivity data, possibly useful for 
heat-transfer calculations behind a heat front. In this 
latter case, soaking was necessary only at the tempera- 
tures of reversible thermal reactions (primarily a — 6 
quartz inversion). 

Steady-state thermal conductivities were run at two 
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temperatures, approximately 90° and 275°F, using Bake- 
lite as the standard in a comparator apparatus.’ Chem- 
ical analyses were made on each sample and bulk densi- 
ties were measured to permit calculation of diffusivity 
from steady-state thermal conductivity data. These data 
also permitted calculation of thermal conductivity from 
unsteady-state diffusivity data. 


DISCUSSION OF RESULTS 


THERMAL DIFFUSIVITY 


Results of thermal diffusivity measurements by the 
unsteady-state method are shown in Figs. 1 through 4. 
Figs. 1 and 2 include results on all runs for Bandera 
sandstone and limestone, respectively, to indicate the 
spread of experimental data. Figs. 3 and 4 show diffu- 
sivity ratios for all materials tested. Diffusivity ratios 
(@r/e) are based on averaged curves drawn through 
the experimental data, The base temperature of 200°F 
was selected because it was the lowest temperature at 
which consistent diffusivity values were obtained by the 
unsteady-state method. 


In Fig. 1, three curves have been drawn through the 
experimental data to account for differences in test con- 
ditions of the samples. The first sandstone sample was 
air-dried and shows considerably greater diffusivity than 
oven-dried samples. This is due to moisture adsorbed on 
the sample. The effect persisted to a higher temperature 
than might be expected but can be explained as a time 
effect due to the relatively high rate of heating. To ob- 
tain consistent results, it was necessary in subsequent 
runs to oven-dry (~230°F) all samples and store them 
in a desiccator until tested. 

The middle curve in Fig. 1 is the average of initial 
runs on two samples of the sandstone. Considering the 
possible variations in physical characteristics of differ- 
ent samples of the same rock, reproducibility of these 
results is considered to be good. Repeat runs were made 
on the samples and the diffusivities were found to be 
lower, as shown on the bottom curve. Decrease in dif- 
fusivity is attributed primarily to the loss of combined 
water during the initial runs. A substantial weight loss 
of the samples is apparent from the decrease in bulk 
density after the initial runs, as shown in Table 2. 
Greater scatter of the repeat-run data is probably due 
to variations in the degree of completion of thermal re- 
actions (to be discussed later). 

In the limestone runs, care was exercised to stop the 
runs at temperatures safely below the disintegration 
temperature (~ 1,530°F). At this temperature, carbon 
dioxide is driven off and calcium oxide remains as the 
solid phase. Repeat-run data showed a larger scatter 
than initial-run data, again due to thermal reactions. 
The top curve of Fig. 2 shows diffusivity of the ma- 


TABLE 1 — DESCRIPTION OF TEST SAMPLES 
Principal Minerals 
Sample* Description** Quartz Felds. Other Porosity 
Bandera SS Well-cons., 35% 25% calcite, 0.200 
VFG clay 
Berea SS Well-cons., 65% 10% sollte, sericite, 0.205 
Fi clay 
Boise SS Well-cons., 40% 35% clay, 0.265 
MG sericite 
Limestone Small vugs, — — Ca COs 0.186 
MCG 
Shale Hard, lamin. 50% — clay, iron 0.170 
VFG oxides, biotite 
Rock Salt Crystalline Halite- 0.010 
Tuffaceous Well-cons., large 10% 60% clay, pumice 0.280 
Ss to VFG lapilli calcite 


*SS = sandstone. 
**VFG = very fine grained, FG = fine grained, MG = medium grained, 


and MCG = medium-coarse grained. 
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terial atter completion of the major reaction. The half- 
closed circles indicate continuation of runs after the 
reaction, and the crosses indicate complete runs on the 
reacted material. 

Thermal diffusivities at 200°F are given in Table 
2 for all materials tested. Fig. 3 shows diffusivity ratios 
for initial runs, and Fig. 4 for repeat runs. All materials 
show similar behavior, with the exception of the shale 
and tuffaceous sandstone samples. 


Diffusivity of shale decreased almost linearly with 
temperature to somewhat in excess of 900°F. Above this 
temperature, pronounced thermal reactions occurred, as 
would be expected with the presence of clay minerals. 
Heating was continued to 1,800°F, but the data were 
not interpretable. On repeat runs, a marked and re- 
producible increase in diffusivity was observed starting 
at about 700°F, reaching a maximum at 1,400°F and 
dropping sharply to the extrapolated previous trend. No 
definite reason can be given for this behavior except that 
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reversible thermal reactions apparently occur which 
make the diffusivity values invalid. Such reactions would 
release or absorb heat, which is not provided for in 
the heat-flow equation. 

No complete explanation can be given for the unusual 
behavior of the tuffaceous sandstone. The spread of 
data was somewhat larger than for other materials (+ 
8 per cent), and no difference in the trend between 
initial- and repeat-run data could be noted. No explicit 
thermal reactions were observed to explain the consis- 
tent increase in diffusivity beginning at about 950°F. 
The high potassium content of the sample may indicate 
that a — £ potassium-silicate inversion combined with 
the quartz inversion and other reversible reactions to 
give a broad temperature anomaly not separable from 
the unsteady-state temperature differential. 


The first two rock-salt samples disintegrated at tem- 
peratures slightly in excess of 800°F. The initial run 
on the third sample was stopped at 700°F and a re- 
peat run made. No distinct differences could be noted 
between initial- and repeat-run data. There were indica- 
tions of a progressive loss of water of crystallization, 
resulting in disintegration at temperatures well below 
that of fusion. 


With these exceptions, consistent and reproducible 
thermal diffusivity values were obtained by the present 
method. Thermal reactions are troublesome, but the dif- 
ficulties generally can be overcome by properly soak- 
ing the samples at predetermined reaction temperatures. 
Maximum deviation of experimental results is +8 per 
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TABLE 2 — THERMAL CHARACTERISTICS OF TEST SAMPLES 
Thermal Diffusivity 


Thermal Diffusivity 
Steady-State 


Thermal Conductivity 
Unsteady-State 
(Btu/Hr Ft°F @ 200°F) 


Bulk Density Unsteady-State 

(Ib/Ft3) (Ft?/Hr @ 200°F) 

Sample* Initial Repeat Initial Repeat 
Bandera SS 134.2 131.8 .0340 .0275 
Berea SS 134.8 126.0 .0342 .0242 
Boise SS 118.9 . 146.0 .0347 -0205 
Limestone 140.2 78.5** .0325 .0207 
CaO** 78.5 — .0385 — 
Shale 137.1 128.2 -0390 .0215 
Rock Salt 135.0 128.0 -123 — 
Tuffaceous SS 107.2 .0185 


*SS = Sandstone. 
**After reaction. 


Thermal 
90°F 275°F Initial Repeat Reactions 
.0373 .0275 a — B quartz 

1015°F, clay 
.0395 .0277 -910 a — B quartz 
1020°F, clay 
.0289 .0260 .814 -491 a — B quartz 
1040°F, clay 
.0325 .0268 -903 -578 CaCOz3 CaO 
+ COz, 1530°F 
.607 
0396 0291 1.09 581 a — B quartz 
1045°F, clay 
070 061 3.46 3.46 Dehydration, 864°F 
a — B quartz — 
-0210 .398 1035°F 


cent from the average. Previous work? has shown that 
the error in using the approximation of Eq. 2 in cal- 
culating diffusivity will range from 2 to 20 per cent, the 
calculated values always being of greater magnitude 
than the probable actual value. Errors are greater at 
higher temperatures and for higher diffusivity materials. 


THERMAL CONDUCTIVITY 


Steady-state thermal conductivity tests were made on 
most samples at two temperatures (90° and 275°F). 
Thermal diffusivities were calculated from the measured 
conductivities, measured bulk densities and calculated 
heat-capacity values. The calculated diffusivity values 
are given for all materials in Table 2 and are plotted on 
the diffusivity-temperature graphs for Bandera sandstone 
and limestone. Good agreement between steady-state 
and unsteady-state data is shown in most cases. Steady- 
state values in all cases are lower than corresponding 
unsteady-state values. This is to be expected because 
contact resistance may be a serious problem with the 
comparator apparatus but is not a significant problem 
in the unsteady-state method. The poor agreement for 
rock salt is attributed to additional limitations of the 
comparator steady-state method. The large ratio of con- 
ductivities of rock salt to the Bakelite standard (8:1) 
results in a small temperature drop across the rock- 


salt sample and unequal heat flux across the sample and 


the standard. 


From a knowledge of the heat capacities and bulk 
densities of the materials tested, thermal conductivities 
were calculated from diffusivity data. The calculated 
conductivity values at 200°F are shown in Table 2. The 
ratios of conductivity values at 200°F to those at higher 
temperatures are plotted in Figs. 5 and 6. Fig. 5 is based 
on initial-run data, and Fig. 6 is based on repeat-run 
data. 


With the exception of the tuffaceous sandstone and ~ 


the repeat runs on shale, all samples show a marked de- 
crease in thermal conductivity with increased tempera- 
ture. The greatest rate of decrease in conductivity is 
at the lower temperatures; above approximately 1,200°F, 
conductivity becomes essentially constant. McQuarrie* 
has shown a similar trend for ceramic materials, but 
with minimum conductivities at considerably higher tem- 
peratures (2,400° to 2,900°F). McQuarrie attributes 
the increase in apparent conductivity to the increasing 
importance of heat transfer by radiation. In the present 
case, the leveling out of the curves at 1,200°F probably 
is caused by a combination of errors induced in the use 
of Eq. 2 for temperature-dependent diffusivity calcula- 
tions and by unaccounted-for thermal reactions. 
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THERMAL REACTIONS 


Important thermal reactions that occur during heat- 
ing of the samples are shown in Table 2. The most 
consistent reaction is the a — 6 quartz inversion at ap- 
proximately 1,030°F. The reaction is pronounced for 
all materials containing quartz and, being reversible, is 
present on both heating and cooling curves. The reac- 
tion persists for all repeat runs on the samples. 

The most pronounced reaction was the loss of carbon 
dioxide from the limestone sample at approximately 
1,530°F. It was necessary to soak the samples at this 
temperature for as long as two hours to complete the 
reaction. Completion of the reaction was clearly indi- 
cated by a sudden drop in the differential temperature. 

Thermal reactions caused by the dehydration of clay 
minerals in the samples were complex. A careful study 
has not been made, but some general observations will 
be reported. No important thermal reactions occurred 
below 750°F, This, coupled with DTA and X-ray studies, 
would indicate the probable absence of significant 
amounts of montmorillonite or illite minerals in the 
samples. Initial runs on the shale showed endothermic 
reactions beginning at approximately 900°F. This may 
be interpreted as the loss of hydroxyl water from kaoli- 
nite. Another endothermic reaction occurred at 1,200°F, 
followed by an exothermic reaction at approximately 
1,650°F. These would further confirm the probable pres- 
sure of kaolinite as the principal clay mineral in the 
shale. 

The sandstones showed smaller thermal reactions 
above 1,350°F which may be attributed to the presence 
of small amounts of kaolinite and calcite. Thermal re- 
actions caused by clay minerals in the samples were 
considerably reduced in magnitude but did tend to per- 
sist in the repeat runs. Grim* reports that rehydration 
of clay minerals may occur after heating to elevated 
temperatures, due to the retention of some structure. 
Probably none of the samples were heated long enough 
at a sufficiently high temperature to convert the kaoli- 
nite completely to mullite. 


SUMMARY AND APPLICATIONS 


Thermal diffusivities of several sedimentary rocks 
have been measured by a rapid unsteady-state technique. 
Data have been reported for most samples through the 
temperature range of 200° to 1,800°F. Thermal con- 
ductivities have been calculated and compared with 
steady-state conductivity measurements. Satisfactory 
agreement between the two methods was obtained. 


The marked decrease in thermal diffusivity with in- 
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creased temperature is apparent from Figs. 1 through 
4. If the temperature dependence of diffusivity were 
not considered, large errors in heat-transfer calculations 
would result. 

Reliability of the thermal values decreases at higher 
temperatures; the reported values of diffusivity and con- 
ductivity may be up to 20 per cent too high at tem- 
peratures in excess of 1,500°F. This error is caused 
by the simplified method used in calculating results. 
Although more precise values could be calculated by 
repeated application of Eq. 3, the large amount of digi- 
tal-computer time necessary could not be justified. 

There are several limitations in the application of the 
present data for subsurface heat-transfer calculations. 
The effects of overburden pressure on thermal conduc- 
tivity have not been investigated thoroughly. Preliminary 
tests, in which axial loading was applied to samples be- 
ing tested by the steady-state technique, indicated that 
the increase in thermal conductivity with pressure is 
much smaller in magnitude than the observed decrease 
of conductivity with increased temperature. 


The effects of liquid saturation on thermal properties 
at elevated temperatures were not studied in the pres- 
ent work. Earlier work’ showed that at room tempera- 
ture thermal conductivities were increased threefold 
when dry porous rocks were saturated with water, and 
twofold when saturated with oil. The general correla- 
tion between rock and fluid properties and thermal con- 
ductivity was given by 


ky 


where K = thermal conductivity of fluid-saturated rock, 
k, = thermal conductivity of rock solids, 
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k, = thermal conductivity of saturating fluid, 
m = an empirical exponent = cq, 

@ = fractional porosity, and 

c = correlation factor = 1.0. 


Application of Eq. 4 to the elevated-temperature (and 
elevated-pressure) case has not been tested, but a cor- 
relation of this type may offer a means for integrating 
the combined effects of these variables. 

For a complete study of heat transfer in subsurface 
formations, the heats of reaction of the various consti- 
tuents would have to be included in the analysis. The 
present equipment and methods are being modified to 
obtain data of this nature. Known heats of reaction, 
such as a — £ quartz inversion, will be used as stand- 
ards for evaluating other thermal reactions. A compara- 
tor calorimeter being developed by Fulrath® may also 
be useful in this work. 
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